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Epidemiological studies have found an association between low birth weight and
cardiovascular disease in adult life. These studies have put forward the "fetal origins of
cardiovascular disease' hypothesis, which proposes that fetal adaptations to adverse intrauterine
conditions resulting in altered fetal growth lead to the development of disorders in adult life,
including cardiovascular disease (10).
To achieve normal fetal growth, the fetal supply line (maternal-feto-placental unit), that
guarantees the availability of nutrients and oxygen, has to be intact (110). Placenta!
insufficiency is a major cause of intrauterine growth retardation and is characterized by a
combination of malnutrition and chronic hypoxia (143. 252. 260. 265).
Permanent alterations of the properties of the developing arterial system by these
conditions may explain the link between intrauterine growth retardation and cardiovascular
disease in adult life. Since arterial sympathetic hyperinnervation and endothelial dysfunction are
prominent features of hypertension and other cardiovascular diseases (301. 136). prenatal
alterations at the level of sympathetic innervation and the endothelium could be the basis of the
development of these diseases.
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1 . 1 . F e t a l o r i g i n s o f c a r d i o v a s c u l a r d isease « '•-• - " •••• J i , - .^ J T - , , - • _ . . - > - ; - - . « K : ? t
1.1.1. Orit»"* of a hypothesis
One of (he first studies to suggest that adverse conditions in carls life affect health in
the adult was performed by Kermack and co-workers in the 1930's and includes data going hack
to as early as 1751 (141). The authors conclude that their data on relative adult mortality for
various years of birth "behave as if expectation of life was determined b> conditions, which
existed during the child's earlier years" and that maternal health during and around the time of
pregnancy may important in this respect.
In 1977. horsdahl performed a geographical study in Norway and demonstrated that in
areas in which infant mortalit> was high, mortality from atherosclerotic disease in people aged
between 40 and 69 years from the same generation was increased. This made him suggest (hut
poor living conditions, which are known to increase infant death rales, make babies that survive
more vulnerable to disease in later stages of life (83). *wrt»i *?•**? ÖC
Barker and colleagues performed similar studies in the United KilgAHt 4 > i
demonstrated that ischemic heart disease mortality rates were correlated with neonatal M wrii M
post-neonatal mortality (14). When, additionall), they showed an association between maternal
mortality from 1911 to 1914 and death rates from stroke of people that were bom around that
time (15). they hypothesized that cardiovascular diseases in the adult originate in intrautcrinc
life. In follow-up studies with large cohorts Barker's research group strengthened their
hypothesis by showing an association between low birth weight and death rules trom iathenio
heart disease (18. tig. I). Moreover, they confirmed the inverse relationship between weight It
birth and blood pressure later in life (16. II) . that had previously been observed in «nailer
cohorts (92. 310). As this relationship was not due to shortened gestation. Barker et al.
attributed it to reduced fetal growth, which would be the result of adverse intrauterine
conditions (16). The hypothesis put forward by Barker is now widely known as the "fetal
origins of adult disease" hypothesis, which proposes that non-infectious disorders in udull lite,
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Fig. I. Association between birth weight and death rate* from ischetnic bear) disease in male« and
females (Hertfordshire study, Barker et al., 1989 (ref 18».
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1.1.2. Birth weight and cardiovascular disease
During the past decade the "fetal origins" hypothesis has been the subject of many
epidemiological studies. These have provided data that associate reduced size at birth and in
early infancy with increased risks for coronary heart disease and stroke in adult life (17. 76. 283.
249. 127. 190). In addition, the relationship between early growth and insulin resistance has
received much attention. Non-Insulin Dependent Diabetes Mellitus (NIDDM) and alterations in
glucose and insulin metabolism have been related to low birth weight as independent risk
factors (50. 295. 176). An association between size at birth and the insulin resistance syndrome,
which is closely related to coronary heart disease, also seems to be present (75. 13). There is
some evidence that important risk factors for cardiovascular disease, namely raised plasma lipid
concentrations, are inversely related with birth weight as well (75. 82).
The large number of studies that have investigated the above mentioned diseases and
risk factors and their association with size at birth have been extensively reviewed (100. 221,
35. 10). However, the relationship between birth weight or perinatal growth and blood
pressure/hypertension has probably been studied most frequently and most thoroughly.
1.1.3. Birth weight and blood pressure • , . - • • • .-. .: . '
The first studies to suggest that low birth weight is associated with elevated blood
pressure at later stages in life were based on birth weight data that had been registered a very
long time ago and were mainly restricted to the UK. The association was subsequently
confirmed in populations all over the world (Kurope (169). USA (50. 49), Asia (42. 22). Africa
(172)). Large cross sectional studies with more accurately defined data on perinatal
anthropometry and birth characteristics together with longitudinal and even prospective studies
have specified the relationship between birth weight and blood pressure.
These investigations demonstrate that the relationship between low birth weight and
subsequent increases in blood pressure may particularly involve babies that are small for
gestational age (169. 69). In addition to low birth weight, thinness, shortness, body shape at
birth and placental weight have been reported to correlate with blood pressure (17. 158. 289.
279). l"he negative association between birth weight and blood pressure is also found in children
(172. 157. 158). but may be less pronounced than in adults (207). This may indicate that effects
initiated in utero are amplified throughout postnatal life (59. 168). However, interpretation has
to be done with caution, as studies on blood pressure in adolescents are far less consistent in
demonstrating the association with weight at birth (156. 207. 194). Literature has been reviewed
in a meta-analysis of studies up until 1999 and a change in systolic blood pressure of-1.7 mm
I Ig with every 1 kg increase in birth weight was determined. For every decade of age -0.35 mm
Hg might be added (168). „ ,
Points of criticism that have been raised with regards to the "fetal origins of
cardiovascular disease" hypothesis include potentially confounding effects of socio-economic
status, behavioral factors, current body size (135) and the involvement of genetic influences in
the association. Detailed investigations and meta-analvses show that correction for all sorts of
confounding factors docs not make the association disappear (159. 237. 42. 146. 168). It is also
suggested that hypertension in adult life may not be the result of an adverse intrauterine
environment, but is explained by genetic polymorphisms that induce both intrauterine neonatal
growth retardation and the development of cardiovascular disease (198. 203). Studies in twins
have provided important insights by comparing the strength of the inverse relationship between
birth weight and blood pressure in light twin members with this association in hea\-y twin
members. This is done in dizygotic twins, that have different genes, and in monozygotic twins,
that are genetically identical. In these monozygotic twins the relationship would therefore not be
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affected by differences in genetic background. Although they arc not conclusive, twin studies
suggest that at least part of the association is due to effects of the iniruutciinc em ironment
rather than genetic influences (179. 237.66.43).
Many issues, such as the role of postnatal or catch-up growth (106. 179, 289) and
gender differences (279.69.42) in the association between low birth weight and hypertension in
later life, remain to be clarified and are currently' under investigation. However, the enormous
amount of epidemiological data (for reviews see: UK). 221. 168) clearly suggests that conditions
during intrauterine life not only affect prenatal growth, but ma\ also induce changes that
increase blood pressure and the risk for hypertension and related cardiovascular disorders at
later stages in life.
1.2. Intrauterine growth ' j w«rfl btH4d ^nbslsf
In the human fetus the first 4 weeks of intrauterine development comprise the formation
of the germ layers. In the subsequent "embryonic" period of 4 weeks, specific organ systems
and tissues develop from the ectodcmal. mesodermal and endodcrmal cell layers. From the third
month until term substantial growth of the body, organs and tissues lakes place and this phase is
called the fetal period (258). : f ^
Fetal growth can be characterized in terms of a range of anthropometrie OMMurat (bat
are mainly determined just after birth. Iliese include birth weight, length, hwd wMti) or
circumference, femur length, abdominal circumference and indices of body proportion/shape,
such as ponderal index (weight/length') and birth weight to length ratio. l"he> rcllcct growth of
different systems; e.g. length is an outcome of growth of the skeleton whereas birth weight
mainly reflects skeletal muscle growth and fat deposition (252). By means ol ultrasound some
of these parameters can be measured before birth. Length of the fetus substantially increases
from the third to the fifth month of gestation, while body weight doubles in the lust trimester
(317).
On a cellular basis, growth of the embryo and fetus involves cell replication,
hypertrophy, differentiation, migration to specific anatomical sites and programmed cell death
under the influence of control mechanisms. Early tissue interactions and responses arc regulated
by the deposition and subsequent modification of extracellular matrix molecules, such as
fibronectin and tenascin. and by temporal expression ol cellular recognition molecules.
Furthermore, peptide growth factors such as insulin like growth factors (KiF). epidermal growth
factor (EGF). transforming growth factor (TGF-a and ß). fibroblast growth factor (KiF).
platelet-derived growth factor (PDGF) and nerve growth factor (NGI) play an important role in
fetal growth by acting as para- and autocrine hormones (109. 120). In the first trimester of
pregnancy, growth is mainly mediated by increases in cell number and the second trimester is
characterized by a stable rate of cellular divisions accompanied by increases in cell size. I he
rate of mitosis finally decreases in the third trimester and growth takes place as a result of
hypertrophy (201).
1.2.1. The fetal supply line . , . . ^ , , , , . . ;
While part of the variation in birth weight can not yet be explained, size at birth 1*
mainly determined by genetic and environmental factors (109. 201). Chough genetic pre-
disposition plays an important role with respect to growth potential, actual growth during fetal
life, particularly in late gestation, mainly depends on the intrauterine environment involving
maternal, placenta] and fetal factors (38. 100).
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Fig. 2. Fetal supply line. CV-cardiov ascular.
The fetus develops at the end of the so-called "fetal supply line" (110. fig. 2) which
links all aspects that determine ultimate growth. The first part of this line includes maternal
nutrition. Substrates, most importantly glucose and amino acids, and oxygen have to be
available to provide fuel to the fetus for energy production and building materials for tissue
growth. During pregnancy the cardiovascular, metabolic and endocrine status of the maternal
body is altered in such a way that fetal caloric requirements can be met and that optimal
functioning of the maternal-feto-placental unit is assured (30). Nutrients and oxygen are
transported via the uterine circulation to the placenta and are delivered to the fetus by the
umbilical vein. In the placenta the substrates essential for fetal growth are transported via
diffusion (oxygen, carbondioxide). facilitated diffusion (glucose, lactate) and active transport
(amino acids) (20). The placenta may therefore influence fetal growth by its own high metabolic
demands, vascular capacity and. in addition, by the production of substrates and hormones, such
as placental Cirowth Hormone (GH) (202).
1.2.2. Endocrine control
The endocrine status of the mother and placental hormones modulate fetal growth by
affecting the supply of substrates, but important peptide hormones do not cross the placenta.
There is substantial evidence that fetal Insulin Like Growth Factors (IGFs) have a major
influence on tissue accretion and therefore on fetal growth. The two IGF subtypes. I and II. are
expressed in all fetal tissues (201) and act. in addition to their auto-/paracrine actions, as
circulating hormones. In humans, birth weight correlates with fetal plasma levels of IGFs (220).
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Mice that do not express IGF 1.1! and their receptors show reduced embryonic and fetal growth
(177. 8). Administration of IGF I to fetal lambs reduces fetal protein breakdown and enhances
fetal substrate uptake (112). IGF levels in the fetus are regulated by nutrient availability and by
IGF Binding Proteins (IGFBPs).
Other hormones that are involved in fetal growth include insulin (220) and thyroid
hormones, which may increase IGF levels and fetal O; uptake (85. 84). Glucocorticoids may be
more important in tissue maturation than in tissue accretion and arc particularly influential at the
end of gestation. At high concentrations glucocorticoids (86. 208) and cutccholamines (19)
reduce growth. Interactions between the growth hormones are common and their relative
importance may vary with gestational age and differ for specific organ systems (201. 84).
1.2.3. Intrauterine growth retardation (IUGR)
An important indication of reduced fetal growth is low birth weight, which is commonly
defined as a weight of <25OOg at delivery for an infant bom at term (237 completed weeks of
gestation) or as weight below the 10th percentile of the general population of neonates (244).
However, in functional terms, a fetus is growth-restricted when it has not achieved its genetic
potential of growth, which is difficult to determine bv measuring just birth weight, Hierefore
the diagnosis of fetal growth restriction is made by means of various anthropometric parameters
measured at birth (as mentioned in 1.2.). Furthermore, estimates of the metabolic and endocrine
status obtained by cord blood sampling give additional information.
Growth is reduced when the fetal supply line (fig. 2) is at any point interrupted or
interfered with, resulting in decreased availability of substrates and oxygen essential for fetal
growth. Though the effect of a reduction in maternal food intake in humans is thought to have
only small effects on birth weight (255. 193. 110). growth retardation is observed in animals of
which the mother's diet was restricted (313. 123. 152). However, while maternal nutrition,
behavior and disease may affect fetal growth, a more common cause of intrauterine growth
retardation is placental insufficiency (143, 252. 260. 265). When placental function is impuired.
the capacity to transport nutrients and oxygen will be limited and fetal metabolism affected. In
experimental animal models of IUGR. fetal arterial oxygen and glucose levels are decreased and
lactate concentrations are elevated (251. 223). Similarly, in human growth-retarded Ictuses
hypoxemia. hypoglycemia and hyperlacticemia have been demonstrated (278. 228. 309).
In addition to the metabolic changes, the fetal endocrine status is altered when growth is
restricted. Anabolic hormones, such as IGFs (165). insulin and thyroxin arc generally decreased
(252) and inhibitory and calabolic factors, like tortisol (170. 264) and catccholamincs arc
increased. Increased levels of catecholamines are thought to be responsible tor part of the
circulatory adaptations observed in experimental and human growth restriction (5. 273. 138).
The associated redistribution of the cardiac output resulting in relative sparing of brain, adrenal
and heart weight at the expense of the liver and "less vital" organs, baa been proposed to cause
asymmetric or disproportionate IUGR.
I
1-). Development of the vascular system ,-•'
1.3.1. The making of an artery
The cardiovascular system is the first organ system to develop in the embryo.
Undifferentiated endothelial precursor cells (angioblast) differentiate to endothelial cells that
proliferate and cluster. Through interconnection of long extending endothelial processes a
primary vascular plexus is formed. This process of ~vasculogenesis" is accompanied by
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"angiogencsis". which concerns the expansion and remodeling of the primitive plexus into a
complex network through outgrowth of the pre-existing vessels (37. 53).
As vascologenesis and angiogenesis require a large range of actions of the endothelial
cells (differentiation, proliferation, migration, adherence etc.). it follows that these occur under
the influence of many regulators. Studies in knockout mice, but also in animal models that allow
easier access to the embryonic vessels (zebrafish. chicken), have identified many paracrine
factors, genes and transcription factors, that are involved (37. 53. 218). Among these. Vascular
Endothelial Growth Factor (VEGF) plays a pivotal role in both vasculo- and angiogenesis (250.
37. 53). Other growth factors that influence both or one of these processes are transforming
growth factor (TGF-ß). angiopoietins (Angl and Ang2). integrins and ephrins (37. 53. 2). In
addition to regulation by growth factors, metabolic and hemodynamic modulation takes place.
Particularly angiogenesis is stimulated by hypoxia (I) and. whereas the initial vascular plexus is
formed in the absence of flow, blood flow is also a modulator of angiogenetic processes (149).
Once the initial endothelial tube is formed, cells (originating from the mesoderm or
neural crest) are recruited from the surrounding mesenchyme or more distant tissues and
eventually differentiate into vascular smooth muscle cells. This process of "vascular
myogenesis" is again controlled by growth factors, such as Platelet-Derived Growth Factor
(PIKiF). basic Fibroblast Growth Factor (bFGF). angiopoietin 1. TGF- ß and VEGF. that
regulate the interactions between the endothelial cells and the mural cells (37. 174. 218).
Differentiation of the vascular smooth muscle cells concerns the acquisition of synthetic,
secretory and contractile properties. Together with the extracellular matrix (e.g. collagens and
ela.stin. which arc secreted by the vascular smooth muscle cells) and cytoskeletal proteins
(desmin. vimentin). the contractile proteins (actin. myosin) provide stabilization and primary
hemodynamic control (37. 284). Vascular smooth muscle cell phenotype may depend on cell
origin (24). the future function of the vessel (197. 284) and local hemodynamic forces, namely
pressure and flow (150. 126). It may continue changing in postnatal life (284).
Signals involved in smooth muscle cell recruitment and growth during vascular
myogenesis are also presumed to play a role in "arteriogenesis". This phase is characterized by
sprouting or by migration of vascular smooth muscle cells alongside preexisting vessels to cover
them with a layered muscular coat (37. 284). The structure of concentric and helical layers of
smooth muscle cells ('"tunica media") is given strength and flexibility by the presence of
collagen and elastin. The number of layers in the tunica media depends on arterial size and type.
Thickness increases during intrauterine and postnatal development (284. 215. 7. 151).
The outermost tissue compartment of blood vessels is the "tunica adventitia". which
contains fihroblasts. elastin and collagen fibers and also sensory and autonomic nerve fibers.
Particularly the sympathetic nerve endings play a very important role in the control of vascular
tone.
Cells of the peripheral nervous system originate from the neural crest cells. These cells
migrate and aggregate into spinal (sensor.) or autonomic ganglia (sympathetic and
parasympalhetic). Bone morphogenetic proteins and sonic hedgehog released by tissues along
the migration pathway (dorsal aorta, the notochord and neural tube), are proposed to stimulate
the differentiation towards the (nor)adrenergic phenot\pe (70. 88. 71). The presence of enzymes
involved in the synthesis of catecholamines (tyrosine hydroxylase. dopamine ß-hydroxylase).
neurotransmitter (norepinephrine) storage vesicles, neurotransmitter transporter systems and the
ability to take up norepinephrine from the extracellular medium characterize this cell type (70).
Circulating norepinephrine has also been proposed to promote svmpathoadrenal differentiation
of neural crest cells via interaction with the early functioning uptake system (319. 272). The
svmpathoadrenal progenitors subsequently differentiate into specialized cell types, with the
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sympathetic neurons of the pre- and para\ ertebral ganglia on the tme hand and the chromaffin
cells of the adrenal gland on the other representing the largest cell populations. Though this is
under debate, glucocorticoids have been proposed to mediate differentiation to the chromafftn
cell t>pe (262. 6. 304). Growth factors, such as F(iF. seem to give rise to the immature
neuroblast (6). Differentiation of this neuroblast concerns an increase of cell volume and the
outgrowth of neuntes (axon or dendrite).
To make contact with the target organ, the young neuron depends on the growth cone of
the growing neunte with its extending processes. While initial outgrowth of neuntes appears to
be under genetic influence, fine-tuning and ultimate destination are determined by
environmenul factors (245). Nerve growth factor (NCiF) vvus one of the first target-derived
neurotrophic factors to be discovered (171). In explanted sympathetic ganglia administration of
NCiF stimulates neunte outgrowth and increases survival of neurons (24.). 108. 88). ITiis
dependence of neuronal survival on NGF has been confirmed rn in vi\o experiments in NCiF
knock out mice (275. 108. 88). NGF released by the vascular smooth muscle cells during
development, stimulates and maintains postganglionic vascular sympathetic innen,ution (2X0.
46). In addition to NGF. recent studies have implicated the involvement of many other target-
derived neurotrophic factors, such as neurotrophin-3 (NT-3). glia cell line-derived neurotrophic
factor (GNDF) and endothelin (88. 87. 144. 52). that promote sympathetic neuronal survival.
Neurons are initially overproduced (88). but active regulation by genes preventing (e.g. bcl-2) or
promoting apoptosis (e.g. bax) (248. 206. 88) determines ultimate innen ution density.
1.3.2. Vascular tone and reactivity
All three components of the vascular wall are involved in the maintenance and control
of arterial tone (fig. 3). Factors released by the endothelium or peri-arterial nerves induce
contraction or relaxation of the vascular smooth muscle cells. Circulating hormones and
mechanical stimuli may affect smooth muscle cell contractility directly or by stimulating the
endothelium or peri-arterial nerves to secrete vasoconstrictors or dilators.
Contraction of the vascular smooth muscle cell lakes place when (by the action of
mechanical stimuli or of vasoactive compounds that bind to their receptors) intraccllular
calcium increases and in turn mediates the interaction of actin and myosin filaments. ITic
concentration of intracellular calcium depends on entry across the cell membrane and on
sequestration within the cell. Ion channels are involved in the regulation of these processes and
vasoactive substances may also directly activate or inactivate these channels. 'Che cascade that
leads to the formation of the actine-myosin complex can also be activated without the riie in
intracellular calcium: by altering the calcium sensitivity of the contractile machinery (277).
Two potent vasoconstrictors are endothelin-1 and angiotensin II. Both can be produced
by the endothelium involving converting enzymes that are localized within or at the surface of
the endothelial cells (125. 257). Another endothelial source of vasoconstrictors is the cyclo-
oxygenase pathway, which catalyzes the synthesis of tromboxancs and prostaglandins (204).
Many of the substances that induce endothelium-mcdiated relaxation (57) induce the release of
endothelium-derived NO (e.g. acetylcholine. bradykinin. ATP). When these dilator substances
bind to their receptors on the endothelium. NO synthase is activated by the resulting increase in
intracellular calcium. NO synlhase mediates the conversion of L-arginine into l.-citruline and
NO and after diffusion to the vascular smooth muscle cell. NO stimulates the production of the
second messenger cGMP. cGMP in turn interferes with the myosin-actin coupling leading to
relaxation (205). The cyclo-oxygenase pathway generates, in addition to vasoconstrictors,
substances such as prostacyclin. which mediate vasodi I station via cAMP (204). Endotheliunv
derived hyperpolarizing factor (EOHF). of which the exact nature remains to be determined.
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exerts its relaxing effects by reducing the membrane potential o f the smooth muscle cell which
leads to a decrease in intracellular calcium. EDHF has been demonstrated to be partly
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Fig. 3. Schematic presentation of smooth muscle cell (SMC), endothelial cell (EC) and peri-arterial
sympathetic nerve euding and their involvement in the regulation of vascular tone.
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Leg cads to fix- 3:
Yasoactuc substances like acctylcholine (ACH). bradykinin (BKl. adenosine tnphosphate (ATP),
serotonin (5HTK ion channel acti\ ators. inhibitors and mechanical stimuli such as shear Unas isduat
(directly or via interactiao with receptors or ion channels) the production and release of aodothetium
derived relaxing and contractile factors (ET-endothelin. Ang^angktfentin, AA- anchidonic acid.
POprostaglandins. TX=tTombo\anes. NO=nitric oxide, EDH}--«adothehwn darived hyperpolarizing
factor. ECE=endothelin converting enzyme. ACF-aopoteosiii univertiat enzyme. eNOS-endothelia)
nitric oxide synthase. COX-cyclo-o\ygenase). These factors modulate the intracclhilnr calcium
ooncentration via ditTerent pathways (among which cAMP and cGMP dependent route«), which rauht in
either the formation or degradation of the actin-myosin complex. Vasoaotive substances Oan ajao mduoe
contraction or relaxation without concomitanl changes • smraoaOuUr oaJcium
Depolarization of arterial sympathetic nerve ending* teada M» me releeac of nnrtpinepMM (NK) from
the nerve fiber terminal. NE can interact with receptors on the vascular smooth muscle cell inducing
contraction (a-adrencrgic) or relaxation (ß-adrenergic). Ang II. ACH and 5HT can modulate the release
of NE. NE can inhibit its own release and the SNinpathctic nerve ending is also able 10 take Nl- back up
again.
Circulating hormones and paracrine factors can also stimulalc I IK- \ascular smnoth muscle cell»
without interference of the cndothclium or sympathetic nerve endings
•i-rcceptor a=ionchannel ^ _ ^ ^ .^ , . .. . ^ ^ ^ ,„ .„,.. , „ ._ ,
An acute rise in blood flow is associated with frictional forces on the cndothclium. so
called shear stress. Though the exact shear sensing elements on the cndothclium arc not
identified yet. the endothelium-derived relaxing factors mentioned above are involved in the
flow-induced vasodilatation (293. 25. 185. 300).
The extent to which vascular smooth muscle cell contractility is influenced by the
postganglionic sympathetic nerve fibers surrounding arteries may depend largely on the
sympathetic innervation density, which varies between vascular beds (73. 282. 281).
Norepinephrine is the dominant ncurotrammitter released by the pcri-arterial nerve endings.
While it can bind to ß-reeeptors. which leads to vasodilatation. in most arteries the main effect
of norepinephrine is contraction mediated by Oi-receptors (and to a lesser extent «^receptors)
on the vascular smooth muscle cells (281). The amount of the norepinephrine released by the
sympathetic nerves into the synaptic cleft can be modulated by substances, such as angiotensin
II. serotonin and acetylcholine. that have receptors on the neuron (54. 55). Norepinephrine can
bind to neuronal a;-receptors to inhibit its own release (148. 34). Once released, the amount of
norepinephrine available for contraction is modulated by the reuptake of norepinephrine by the
nerve fibers (34, 54).
' t i
3. Vascular tone and reactivity during development
Vascular smooth muscle cells can be phenotypically characterized as synthetic,
intermediate or contractile cells. The contractile phenotype is predominant in adult blood
vessels and represents the more mature differentiation status (222. 126). Markers for contractile
proteins are present at early stages in development. In the chicken embryo, smooth muscle a-
actin is already expressed at embryonic day 2.5 (of 21-days incubation time). This marker and
other contractile and cytoskeleton proteins (myosin heavy chain isoforms. vimentin. desmin) are
present before (chicken) embryonic day 6/7 and at least from week 7/8 of gestation in human
blood vessels (296. 222). The content of contractile proteins in smooth muscle cells increases
during development and seems to correlate with increasing contractility (222). Indeed, in
chicken embryo aorta, contraction in response to high calcium increases with developmental age
(219). Studies in fetal lamb and chicken embryos also demonstrate augmentations of responses
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to norepinephrine throughout development (285. 256). While there are clear indications that
expression of ion channels and receptors is developmentally regulated (270. 222. 59. 229. 263.
28. 94). it is largely unknown when first expression and activity occur. The same holds true for
intracellular signals that mediate contraction and relaxation (3. 311. 269).
Because the endothelium is present in vessels as soon as they are assembled (see 1.3.1.),
the endothelium-derived vasoactive substances (see 1.3.2.) may play a role in the control of
vascular resistance early in gestation. Studies in 3-6 days old zebrafish larvae have
demonstrated the presence of NO synthase in vascular endothelial cells, vasodilatation in
response to exogenous application of NO and vasoconstriction when NO synthase was inhibited
(89). The importance of NO and other endothelium-derived vasodilators (such as
prostaglandins) in systemic and pulmonary vascular control in the last trimester and the
perinatal period has been reported (247. 266. 269. 113. 268). Endothelin-1 may play a
particularly important role in the pulmonary vasculature. Endothelin-1 protein. mRNA and
converting enzyme are observed in the fetal lung (29) and in vitro effects on pulmonary arterial
reactivity have been demonstrated (59). However, low plasma levels and the lack of effect of
ET-1 receptor blockade on pulmonary vascular resistance make the role of ET-1 in the
regulation of vascular tone controversial (312).
The influence of the endothelium on vascular tone is apparent before the sympathetic
inncrvation of the vessels becomes important. Vascular adrenergic responses to catecholamines
are observed early in gestation (94. 285) and enzymes involved in catecholamine production in
the neurons arc present prior to midgeslation (71). However, ultimate innervation of the
vasculature and modulation of vascular tone by the release of sympathetic neurotransmitter is
established at the end of gestation (e.g. chicken, lamb) or even postnatally (e.g. rats) (285, 181,
71). While knowledge about sympathetic innervation of various organs is limited, the
sympathetic nervous system of the human fetus is assumed to be less developed than the lamb's
and more mature than the sympathetic system of the fetal rat (147).
Useful information on cardiovascular sympathetic innervation is provided by studies
(mostly in sheep) evaluating in vivo fetal responses to acute hypoxemia. An acute decrease in
arterial pO; leads to increased peripheral vascular resistance whereas the blood flow to vital
organs such as brains, adrenal glands and heart is maintained or even increased. Only at later
stages of development, sympathetic stimulation of the adrenal and peri-arterial nerves induces
the release of catecholamines leading to a-adrenergic peripheral vasoconstriction (chemoreflex)
(99. 97). At earlier stages hypoxia directly triggers the premature adrenal medulla to secrete
catecholamines during hypoxemia (274).
Various vasoactive hormones, in addition to catecholamines. may be important in the
maintenance of fetal peripheral hypoxemic constriction. Components of the renin angiotensin
system are expressed as early as 35 days of gestation (263) and angiotensin II plasma levels are
increased during acute hypoxia in the late gestation fetus (105). However, the RAS system only
seems to play a role in hypoxemic peripheral vasoconstriction after removal of neuronal input
(105) and its role in fetal vascular control during normoxic conditions is not clear either (105.
129). In contrast, vasopressin may be involved in increasing peripheral resistance during
hypoxemia (95, 98), as blockade of the vasopressinergic V preceptor partly reverses fetal
hypertension and cardiac output redistribution in these conditions (230). The contribution of
vasopressine to vascular resistance may depend on the species (98) and gestational age of the
fetus (242).
Effects of mechanical stimuli (pressure (28) and flow (160)). on vascular reactivity have
been observed in isolated fetal arteries and also play a role at earlier stages of development
when they may be essential for vascular (.structural) development (150) (see 1.3.1.). The exact
contribution of auto-, para- and endocrine vasoactive substances and mechanical stimuli to the
control of vascular tone, in particular the dependence of these influences on developmental
stage, is to a large extent unknown. Clearly, the magnitude of effects ol \.IMU<.-UW stimuli
during development may differ considerably from those observed alter birth (.».». 144. Js>t).
1.4. Cardiovascular disease: vascular changes
1.4.1. Arterial sympathetic hyperinnen ation and cndothelial dysfunction in
cardiovascular disease
With the improvement of living conditions and medical care in welfare countries, the
prevalence of infectious diseases and poor nutrition drastically reduced and cardiovascular
disease became the most common cause of mortality and morbidity in Western countries (292.
246). While a large range of vascular properties can be modified in cardiovascular disease, this
introduction will focus on two important features, namely changes in sympathetic innen, ution
and cndothelial function.
Decreased endothelial function is reflected by an impairment of cndothclium-dcpcndcnt
relaxing responses. This can be the result of a decrease in the secretion ol'cndothclium-dcrivcd
vasodilators and/or an elevated production of vasoconstrictors by the endothclium. While the
decrease in endothelial function with age is a physiological process (56). pronounced
endothelial dysfunction is commonly observed in pathological conditions, such as hypertension,
atherosclerosis, heart failure, stroke and diabetes (301).
Elevated plasma levels of low-density lipoprotcins (LDLs) and cholesterol are major
risk factors for atherosclerosis and coronary heart disease. Atherosclerosis,
hypercholesterolemia and exposure to LDLs are associated with impaired endothclium-
dependent relaxation and reduced expression of endothelial enzymes, such as N( Mynthaiic. in
animal models and humans (184. 204. 34). Responses to endothelium-indcnendcnt vasodilators
are hardly changed. NO and other endothelium-derived relaxing factors (e.g. prostacyclin) do
not only play a role in the control of vascular smooth muscle tone, but are also secreted into the
vessel lumen to inhibit cell (platelets and leukocytes) adhesion and platelet aggregation.
Together with the increased production of vasoconstrictor substances (184. 301). the reduced
protective effects of these vasodilators will therefore stimulate the formation of an
atherosclerotic plaque (204). The decrease in endothclium-dcpcndcnt vasodilator capacity can
be detected before the development of intima thickening and vascular lesions and may therefore
be an early pathogenic effect (301. 166).
The observation that endothelium-dependcnt relaxation is smaller in arteries of stroke-
prone hypertensive rats (SHRSP) than in hypertensive rats without a predisposition to stroke
(SHR) suggests that endothelial dysfunction also plays a role in this cardiovascular disorder
(305). Similarly, features of altered endothelial function have also been demonstrated in insulin
resistance and Diabetes Mellitus. These changes may be secondary to other underlying
cardiovascular pathologies, but independent effects of altered insulin metabolism on cndothelial
function have also been described (192. 47. 34). Furthermore, independent of the cause (e.g.
hypertension, coronary heart disease, diabetes mellitus). impaired endothelial function,
indicated by reduced acetyicholine-induced vasodilatation and increased plasma endothelin
levels, is observed in heart failure (299).
The sympathetic nervous system plays a very important role in the control of blood flow
by its actions on heart rate, cardiac contractility and vascular resistance. Pathological conditions
as occurring in cardiovascular disease are often accompanied by sympathetic hyperactivity.
Clinically, important signs of enhanced sympathetic drive are increases in heart rate, changes in
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heart rate variability, increases in total peripheral vascular resistance and elevated plasma levels
of norepinephrine. In large epidemiological studies, such as the Framingham Heart Study,
coronary heart disease and heart failure have been associated with tachycardia (93). Smaller
studies demonstrate that decreases in myocardial performance and function are accompanied by
a compensatory increase in sympathetic drive to maintain arterial blood pressure, which in turn
may aggravate the pathological condition (136). The changes in blood flow pulsations, that are a
consequence of the sympathetically mediated increase in heart rate, have been suggested to be a
mechanical stimulus for the development of atherosclerosis (136. 186). High plasma levels of
norepinephrine. tachycardia and changes in heart rate variability are also observed in insulin
resistance/diabetes (80. 136). Whether the hyperactivity of the sympathetic nervous system
plays a causal role in the development of these diseases, remains to be established.
1.4.2. Hypertension
High blood pressure is one of the main risk factors for the diseases described above
(139). Even small increases in blood pressure may lead to a significant increase of the risk.
While hypertension can be the consequence of underlying pathology (secondary hypertension),
in many cases the cause of hypertension is unknown (primary or essential hypertension) and
multiple factors may be involved in the development. In terms of hemodynamics. elevated
arterial blood pressure, normal cardiac output and increased peripheral vascular resistance
characterize hypertension. According to Poseuilie's law. peripheral vascular resistance is
determined by the viscosity of the blood, vessel length and diameter (R= 8Ln/jcr4. L= vessel
length. n^isco§ity. r=radiu§). Both functions»! and structural changes in arterial diameter
control are observed in conditions of hypertension.
Functional alterations include increased vasoconstriction and decreased vasodilatation,
whereas the vessel wall is structurally thickened as a result of hypertrophy or hyperplasia (81,
145). Other signs of structural alterations in hypertension are changes in sensitivity to
circulating hormones and modified receptor densities (54). decreases in extracellular matrix
components (collagen) (128) and altered network geometry (e.g. rarefaction) (239). While a
large variety of arterial components is affected in hypertension, endothelial dysfunction and
sympathetic hyperinnervation play an important role in the pathology of hypertension. Fig. 4
schematically depicts the changes that occur during hypertension in small arteries.
1.4,2.1. Endothelial dysfunction and hypertension
••:••..• --i In human subjects with essential hypertension reduced vasodilatation in response to
acetylcholine in the forearm is observed (286. 226). Similarly, in animal models of hypertension
(63. 56) reduced responses to this and other endolhelium-dependent vasodilators have been
demonstrated (238. 77. 315. 142. 301. 184). In many of these studies relaxation induced by
compounds acting directly on the vascular smooth muscle cells were normal (238. 77). In
addition, relaxation in response to tlow. which is endotheiium-dependent (236, 26), is reduced
in spontaneously hypertensive rats (SHR. 238). J W{J*i*.?r,.MsJ*:*K? "- •«* ^r*v • .,
It has been reported that the impaired vasodilatation and increases in constriction in
hypertensive animals and patients is due to the increased release of vasoconstrictors, such as
cyclo-oxygenase products, from the endothelium (318. 286. 301. 131. fig. 4). These in turn may
directly or via interference with NO availability (131. 301) decrease vasodilatation. In addition,
reduced formation or release of NO may also play a prominent role in endothelial dysfunction.
By using inhibitors of NO-synthase. studies in humans demonstrated that both basal and
stimulated release of NO are reduced in hypertensive patients (226. 36). However, the
involvement of the L-arginine-NO pathway in impaired endotheiium-dependent relaxation is
not observed in all forms of h.vpertension and all vascular beds studied (3IS. 241. 184, 301).
Reduced release of other endothelium-deriv ed relaxing factors, such as hyperpolarizing
components, has also been described (315. 90. Jig. 4).
hndothelial function decreases with the increase in blood pressure (184) and endotheliul
relaxation can be normalized by treatment with anti-hypertensive agents (183). This may
suggest that impaired endothelial function is not causal I \ involved in the development of
hypertension (184. 301). However, the intact endoihelium and NU inhibit proliferation of
vascular smooth muscle cells under physiological conditions and this protective ctVect has been
shown to be decreased in hypertensive rats (261. 2*4). Therefore, endotheliul dv »function nius
play a role in the maintenance of elev ated peripheral vascular resistance and may promote the
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Fig. 4. Small artery under normotensive (left) and hypertensive (right) condition»
Nerve density is increased and the arterial media, containing vascular smooth muscle cell» (vunc). if
thicker. The release of contractile factors from the endothelium (fcCDF) it augmcnlcd. whereat the
production of endothelium derived relaxing factors (I-.DRF) is decreased. locreaied vunc contraction and
media thickening lead to narrowing ol the arterial lumen.
1.4.2.2. Sympathetic bypcrinnervation and bypcrtenstoa
There is now substantial evidence that hypertension in humans is associated with
increased sympathetic activity. This has been demonstrated by indirect measures: plasma level»
of the main neurotransmitter of the sympathetic system, norepinephrinc (NL) and resting heart
rate are increased in hypertensive patients (72. 54. 186. 136). More precise techniques, such as
clinical microneurography and biochemical assessment of norepinephrinc "spillover** from the
ncuro-effector junctions, have revealed increased Tiring rates of nerves innervating »kin and
skeletal muscle and augmented secretion of norepincphrine by the sympathetic nerves of several
organs (72. 54. 186). Changes in sensitivity and density of pre- and postsynaptic receptor»
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involved in sympathetic responses explaining altered cardiac function as well as increased
peripheral vasoconstriction have also been demonstrated in human hypertension (54. 136).
Studies in spontaneously hypertensive rats have provided additional insights in the
changes in arterial sympathetic function and structure that play a role in hypertension. Though
plasma levels of NE and NE content of the heart are not altered in SHR (40. 64). increases in
arterial NE content have been observed (40. 118. 64) and arteries are more densely innervated
by sympathetic nerves (39) (fig. 4). Functionally, these changes are reflected by increased
responses to sympathetic stimulation of the nerve endings and larger neuronal reuptake of
norepinephrine in isolated arteries of the hypertensive rats (58. 39). Nerve growth factor
expression parallels the altered arterial sympathetic innen.ation in SHR (73. 74).
Largely based on the studies in SHR. arterial sympathetic hyperinnervation has been
proposed to be causally involved in the development of hypertension by inducing
hypertrophy/hyperplasia and hypercontractility of the vascular smooth muscle cells leading to
increased peripheral arterial resistance (116. 117). Investigation of the time-course of the
development of high blood pressure in SHR has shown that arterial hyperinnervation and
increased arterial media volume are present at a time when blood pressure is still normal (58.
161). Furthermore, neonatal sympalhectomy prevents high blood pressure at older age and the
morphometric changes of the arterial media (162. 163). supporting the proposal that
sympathetic innen, ation exerts a trophic effect on the vascular smooth muscle cells (27. 51).
1.5. Mechanisms behind tbe "fetal origins of cardiovascular disease" hypothesis
1.5.1. Methods
The "fetal origins of cardiovascular disease" hypothesis has focused the scientific
world's attention on the influence of the prenatal environment on diseases in the adult (12. 9).
Many studies support the hypothesis and the search for mechanisms behind this phenomenon
has commenced. Barker and colleagues have proposed that the associations between intrauterine
growth retardation and cardiovascular disease in the adult arise as a result of a (well-established)
biological phenomenon called "programming" (12. 110). This implies that the fetal adaptations
to reduced availability of nutrients and oxygen at critical periods of development not only
reduce growth, but also permanently alter structure and function of the cardiovascular and other
systems. These changes in turn predispose the individual to cardiovascular diseases.
Studies in humans examine risk factors for and mediators of cardiovascular disease in
subjects in relation to birth weight or other anthropometric measures (189. 41. 102. 232. 233.
122). These factors can be evaluated in people that may have been exposed to intrauterine
conditions that compromise growth. For instance, data obtained from the "Dutch famine" imply
that reduced maternal intake of nutrients during pregnancy may not only reduce birth weight of
babies, but may also predispose them to chronic heart disease (254). In these retrospective
studies other risk factors for cardiovascular disease have been evaluated (255). Similarly,
studies in subjects that were exposed to high altitude chronic hypoxia during prenatal
development, which is associated with intrauterine growth retardation (133. 195, 96). may
provide useful information.
However, the acquisition of more specific and detailed data with regards to the
mechanism involved in the fetal programming of cardiovascular disease requires animal studies.
While animals that were small or appropriate for gestational age due to natural selection have
been studied (21). more often intrauterine growth retardation is experimentally induced.
Maternal malnutrition is a frequently used method to induce growth-compromising
conditions. Many studies in rats (152. 313) have shown that restriction of the total caloric intake
23
or protein malnutrition result in offspring with reduced birth weight. Furthermore, reduced IQF
levels and hypoglycemia in the fetus indicate that this intervention reduces the availability of
nutrients for fetal growth (111). Reduced IGF levels and growth retardation arc also
demonstrated in fetuses of which the mother is exposed to chronic hypoxia during pregnancy
(288. 130). Chronic hypoxia of the mother is established by placing the animal in a hypoxic
chamber or by keeping it at high altitude for a prolonged period of time. Both methods result in
decreased fetal arterial pO; and increased fetal hemoglobin concentrations (130. 178).
Several experimental approaches ha\ e been developed to mimic the conditions that may
occur during placental insufficiency. Reductions in uterine blood (low can be induced by-
vascular occlusion or ligation (224. 132). The procedure of umbilico-placentul cmholi/ation
uses the repetitive infusion of microspheres to restrict placental function < 180. 214). Surgical
removal of the majority of endomctrial caruncles or placentation sites from the uterus betöre
conception (carunclectomy) reduces placental growth resulting in placentul insufficiency (273.
45). As these methods limit blood flow to the fetus, they compromise supplv of both nutrients
and oxygen. Consequently, hypoxemia. hypoglycemia and often hyperlacticcmia (251. 223).
accompany the observed reduction in fetal growth.
Since hypertension is an important risk factor for many cardiovascular pathologies
(139) and high blood pressure is easily determined, most animal studies have focused on the
effects of intrauterine growth retardation on blood pressure. 1 ne experimental procedures to
restrict fetal growth are not always associated with reductions in birth weight (123) and apparent
intrauterine growth retardation that did not result in elevated blood pressure has been reported
(180. 124). However, experimental evidence for a link between adverse intrauterine conditions
(malnutrition and/or chronic hypoxia) with or without changes in birth weight and hypertension
at later stages in life is now substantial (123. 103. 153).
1.5.2. Mechanisms
Among the candidate mechanisms that have been proposed to provide a link between
1UGR and hypertension at later stages in life, the role of glucocorticoids has probably been most
extensively studied so far. (Jlucocorticoid levels arc increased in lUCiR fetuses (170. 264) and
glucocorticoids have been reported to elevate fetal blood pressure (287). Treatment of pregnant
rats and sheep with dexamethasone (a glucocorticoid that is not metabolized by the placenta)
reduced birth weight and elevated blood pressure in the adult offspring (23. 61). Another study
in rats has shown that hypertension in 6-weeks old offspring induced by maternal protein
malnutrition disappeared after adrenalectomy and could be restored by cortisone replacement
(91).
Under physiological conditions, maternal glucocorticoids are converted to inactive
metabolites by 11 ß-hydroxysteroid dehydrogenase type 2 (I l-ß HSD) in the placenta. Activity
of this enzyme seems to be positively correlated with birth weight in rats (23) and reduced
expression of this placental enzyme resulting in fetal overexposurc to maternal glucocorticoids
has been demonstrated after maternal undemutrition (170). Maternal administration of an
inhibitor of I l-ß HSD results in hypertensive adult offspring (175). While these studies indicate
that glucocorticoids are involved in the programming of hypertension, it has been suggested that
these effects are not direct effects, but are mediated by factors associated with the reduction in
prenatal growth the glucocorticoids induce (208. 264).
Excessive fetal exposure to glucocorticoids has been proposed to alter the
hypothalamic-pituitary-adrenal (HPA) axis (231. 67). This axis, which regulates the release of
adrenal hormones, such as adrenocorticotropic hormone (ACTH) and glucocorticoids. playi an
important role in cardiovascular control and maturation of organ systems. While low birth
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weight has been associated with increased plasma cortisol in adult men (233). human evidence
for HPA axis programming in association with IUGR is limited. Increased adrenal
responsiveness and pituitary expression of ACTH precursor has been observed after repeated
umbilical cord occlusion in ovine fetuses (104). but maternal nutrient restriction has resulted in
activation of the fetal HPA-axis (rat (170)) and depressed function (sheep (115)). The lack of
evidence for HPA resetting in adult sheep after prenatal exposure to dexamethasone (62). also
demonstrates that the role of the HPA axis in fetal programming of hypertension requires
further investigation.
Activation of the renin-angiotensin system (RAS) has also been suggested in the fetal
programming of hypertension. Inhibition of angiotensin converting enzyme may reduce high
blood pressure induced by exposure to prenatal malnutrition in rats (154). However, reductions
in plasma and kidney renin levels have also been determined in newboms in these conditions
(302. 314). While research is ongoing to elucidate the exact role of RAS in the development of
hypertension, its importance for renal development is well established (182). lntrauterine
growth retardation is associated with hypertension and reduced kidney size in rats (155). and
leads to u permanent deficit in nephron numbers and a consequent impairment of renal function
(155. 199. 21). The involvement of RAS in these effects has been postulated (182. 60).
Hypertension is characterized by vascular changes, such as increased contractility and
media thickness (81. 145. see 1.4.2.). which are proposed to play a causal role. Therefore, in
addition to alterations in endocrine control systems and factors associated with renal
development and function, consequences of IUGR for vascular structure and function are
implicated to play a role in the fetal programming of cardiovascular disease.
tilastin provides (large) arteries with elasticity. Decreased arterial compliance, a
measure for elasticity, is associated with hypertension (259). Increased arterial stiffness of the
carotid artery and of the aorta has been related to size at birth in children and adults,
respectively (187. 189). Studies in knockout mice have shown that elastin is also important in
the regulation of proliferation and organization of vascular smooth muscle cells. Mice that lack
elastin exhibit smaller and thicker arteries than wild type animals (173). These experimental
data, together with the fact that elastin is a protein of remarkable longevity, have led to the
suggestion that changes in arterial elastin may participate in the development of high blood
pressure associated with intrauterine growth retardation (191).
Other studies have concentrated on the potential association of intrauterine growth
retardation with altered vascular vasodilator and -constrictor function. Maternal food restriction
in rats has been reported to result in decreased contractile responses to a-adrenergic stimulation
in 20-days old offspring, but these differences had disappeared at 100 days after birth. By that
time enhanced contraction induced by a tromboxane analog, increased sensitivity to high
potassium solution and decreased relaxation in response to exogenous NO were observed (225).
While no apparent changes in endothelium-dependent relaxation were observed in this study
(225). more severe maternal undernutrition reduced relaxation in response to acetylcholine and
bradykinin in 100-120 days old rat offspring (124). An association between endothelial function
and intrauterine growth restriction is also suggested by studies in human subjects. Children with
a history of low birth weight showed impaired responses to acetylcholine in arteries of the skin
(187). A positive correlation between birth weight and flow-mediated relaxation of the brachial
arten was ohserv cd in children (164). Flow-related dilatation was also reduced in young adults
that were small at birth (102).
In addition to changes in vascular structure or function, altered organization of the
microcirculalory network may also play a role in the development of hypertension (239).
Empirical evidence on vascular density with respect to fetal growth retardation is largely
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lacking. However, reduced microvascuiar density of the retina has been demonstrated in low-
birth weight men (41).
The sympathoadrenal system plays a pivotal role in the regulation of fetal
cardiovascular control and catecholamines are increased in growth retarded fetuses (30*>. 273.
132). The importance of this system in the fetal programming of hypertension (and insulin
resistance) is emphasized by the observation that low birth weight is associated with high pulse
pressure, an indirect index of sympathetic nervous activity (232). Increased norepinephrine
release by stimulated sympathetic neurons has been suggested in growth retarded sheep fetuses
(273). Changes in sympathoadrenal function may persist into postnatal life, since uterine artery
ligation enhanced basal synthesis and release of adrenal catecholamines and cardiac sympathetic
neuronal activit) in newborn rats (267). Older rats that suffered from lUOR as a consequence of
the same experimental procedure exhibited augmented norepinephrine spillover to plusmii
(132).
1.5.3. Limitations
Intrauterine growth retardation is a complex phenomenon and :i consequence of
multiple causes, among which fetal hypoxia and malnutrition arc most prominent. Animal
experimental studies (as mentioned in 1.5.2.) have put forward many candidate systems and
mediators that may be involved in the fetal programming of hypertension and other
cardiovascular diseases. However, in these studies fetal growth retardation is induced by
procedures that do not only affect the intrauterine environment, but may also induce maternal
endocrine, cardiovascular and metabolic adaptations. This, and the I act that many ol the
techniques comprise a combination of malnutrition and hypoxia. mas complicate the detailed
study of mechanisms that are potentially involved. An animal model, in which multiple factors
can be investigated separately without direct maternal influences, would overcome these
difficulties.
1.6. The chicken as an experimental model ,«
1.6.1. The chicken embryo as a model in cardiovascular development >{
The attractiveness of the chicken embryo, with its short incubation period of 21 days. aj
an experimental model of cardiovascular development has long been recognized. Studies in the
chicken embryo have given important insights in the origins of vascular cells (germ layers) and
their commitment towards a certain fate within the cardiovascular system, (»roups of cells in the
developing chicken embryo can be substituted by marked quail cells. These so-called quail-
chicken chimeras are frequently used to study the behavior of vascular cells with regards to
migration and differentiation during early stages of vascular development (235. 306). In
angiogenesis research, investigations in the chicken embryo are also of great merit. Studies of
the developing vasculature of the chorioallantoic membrane and its response to exposure to
exogenous stimuli (such as hypoxia or applied compounds) have identified many angiogenic
factors ( I . 167. 65). In addition, vascular development and the influence of growth factors and
hormones can be histologically studied by making sections of the whole embryo or individual
arteries (140. 24).
The chicken embryo as an experimental model is also extensively used to investigate
neuronal development. The sympathoadrenal lineage is studied with respect to commitment of
cells to the neuronal cell type or chromaffin cell type (303. 71. 271. 88). Studies investigating
neuronal outgrowth and differentiation in isolated sympathetic ganglia have demonstrated the
important role of growth factors, such as NCP < 108. 101. 243. 88). 4
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While the above mentioned applications of the chicken embryo model emphasize its
value for developmental research of the (cardiovascular system, most of these studies are
confined to early stages of development and do not examine control of vascular reactivity.
However, a substantial number of studies have now demonstrated that the chicken embryo is
also a suitable experimental model to investigate hemodynamic aspects during development.
The circulation of the chicken embryo is comparable to that of the mammalian fetus
with the chorioallantoic membrane being equivalent to the placenta and the chorioallantoic
artery and vein resembling the umbilical circulation in mammalians (200. 253). Time-dependent
changes in blood pressure, heart rate, chorioallantoic blood flow, cardiac output and cardiac
output distribution can be measured from early stages of development onwards (44. 307. 32.
216. 298. 290. 212). In the chicken embryo, vascular resistance is initially high and decreases as
the circulation expands. Cardiac output and blood pressure gradually increase (44). Early in
development, hemodynamic regulation is controlled primarily by mechanical factors (307). At
later stages ncurohumoral control becomes increasingly important.
Parasympathetic and sympathetic control of the heart is functional from day 15 and 16
onwards, respectively (227, 119). Effects of ganglion blockade on mean arterial pressure are not
observed at early stages of development (48. 211). Therefore, control of vascular tone by the
sympathetic nerve endings is assumed to play a role only at the very end of the incubation
period. Prior to functional sympathetic regulation, circulating factors are important in the
regulation of vascular reactivity. Chromaffin cells of the adrenal gland start secreting
catccholamines around day 10 (308). Plasma levels of adrenaline increase with developmental
age. while this may not be the case for norepinephrine (209). However, the increase in
norepinephnne observed during short episodes of hvpoxia becomes more pronounced at later
stages of development (209. 68). Studies examining the effect of acute hypoxia in the chicken
embryo, have also demonstrated that increases in mean arterial pressure and cardiac output
redistribution (as a result of peripheral vasoconstriction) in response to this insult, are mediated
by a-adrenergic receptors (48. 210. 256). Adrenergic constrictor capacity in the chicken embryo
also increases with developmental age (210. 256). The hemodynamic consequences of acute
hypoxia observed in the chicken embryo suggest high similarity with mammalian species (297.
210). Much less is known about the involvement of other circulating vasoactive substances and
the role of the endothelium in vascular reactivity in the chicken embryo. Arterial dilator
responses to acetylcholine are observed in 13 and 17 days old chicken embryos (256).
The large comparability of vascular responses to acute hypoxia of the chicken embryo
with those in mammalian species (297. 210) and the high conservation of factors involved in
blood vessel development (218) indicate that this non-mammalian experimental model is of
great value to research ol the prenatal (cardiovascular system.
1.6.2. The chicken and cardiovascular pathology
Although the knowledge of the cardiovascular system is more limited in birds than in
mammalian species, important information on cardiovascular parameters in chickens is
available. The mechanisms involved in the control of blood pressure and flow (autoregulation.
humoral factors, neural control) (276) and responses to vasoactive substances (234. 4. 114) are
largely the same as in mammalians. However, blood pressure of chickens is relatively high
(mean arterial pressure ranging from 130 to 220 in adult chickens) and hypertension is observed
(217. 137. 276). It has been suggested that this high blood pressure, together with the high
plasma catecholamine levels observed in chickens, indicates high sympathetic and/or
adrenomedullary activity (137). In addition to hypertension, chickens can spontaneously
develop arterial plaques, which largely resemble those observed in mammalian atherosclerosis
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(107. 240). Furthermore, some chicken strains (e.g. broilers') are J
hypertension (188). While differences between strains and
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Fig. 5. Schematic representation of a chicken egg with embryo. ^
1.6J. Interventions: chronic hypoxia and malnutrition
The attractiveness of the chicken embryo us u experimental model to study vascular
structure and function during development and the fact that chickens arc prone to hypertension
and other cardiovascular palhologv. may make the chicken a useful model to studs the
relationship between adverse conditions during development and cardiovascular disease at later
stages in life. This is the case if methods can be applied to induce conditions that may interlere
with fetal growth (e.g. chronic hypoxia and malnutrition).
The freshly laid egg contains everything the chicken embryo needs for its growth and
development (fig. S). except for oxygen and heat. Development of the embryo in the freshly laid
egg will not commence if temperature is kept low (<25 °C). Once incubation is started,
temperature is kept around 38 °C by the hen or artificially (in an incubator). Oxygen from the
surrounding air and CO; and water from the egg can be exchanged through small pores in the
eggshell. The outer and inner shell membranes lie directly adjacent to each other except at the
end of the egg where they form the air cell. Until it penetrates the aircell with its beak (internal
pipping) and pulmonary respiration starts, the embryo is depend on oxygen diffusion through
shell and shell membranes into the capillaries of the chorioallantoic membrane. The
chorioallantoic vein transports the oxygenated blood to the embryo (134. 253).
Hypoxia of the chicken embryo is easily induced by covering part of the egg. which
limits O; diffusion through the shell (196) or by incubating the eggs in a low oxygen
environment (316). Both methods, when prolonged, result in retarded growth as reflected by
reduced total body weight on day 18 of the 21 days incubation period (196. 316). While the
severity of growth retardation and the consequences of chronic hypoxia for growth of individual
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organs may depend on the level and duration of oxygen deprivation, relative sparing of the brain
has been demonstrated (196). These methods of inducing chronic hypoxia in the chicken
embryo do not concomitantly disturb the embryo's access to food.
Both the yolk and the albumen component of the egg contain nutrients that are required
for the development of the embryo (fig. 5). The yolk, which consists of water, fat and proteins,
provides energy to the embryo and primarily determines the degree of development of the chick
at hatching. In precocial species like the chicken, which can walk soon after hatching, the yolk
makes up for a large percentage of the egg mass as opposed to more altricial (less mature) avian
species (31). The other component of the egg. albumen, mainly (»95%) contains water and
amino acids, which are used by the developing embryo for whole-body protein synthesis and
growth (79. 213). The major protein found in the albumen is ovalbumen.
Protein malnutrition in the chicken embryo can be induced by carefully extracting part
of the estimated albumen content with a sterile needle and syringe through a hole in the eggshell
(at the pointed end of the egg) (121). It has been shown that albumen removal affects whole-
body protein synthesis and growth from day 12 onwards (213). Extraction of albumen from the
egg reduces total embryonic weight towards the end of incubation (121. 79) and affects organ
weights (79) and bone lengths (121, 79).
1.7. Aim and outline of this thesis
The chicken embryo provides a unique experimental model to study the effect of two
prominent causes of intrauterine growth retardation, namely chronic hypoxia and malnutrition,
separately from each other and without maternal cardiovascular, metabolic and endocrine
interference. The chicken embryo is a suitable model to study the fetal vascular properties.
Furthermore, vascular characteristics can also be investigated in older chickens, which may be
prone to develop cardiovascular pathology.
The present thesis aims to determine the effects of prenatal exposure to chronic hypoxia
und malnutrition on arterial function and structure by using the chicken as an experimental
model. Since arterial sympathetic hyperinnervation and endothelial dysfunction are important
features of hypertension and other cardiovascular diseases, the studies presented in this thesis
focus on these arterial components. v
In order to evaluate arterial structure and function, reactivity studies (using the wire
myograph technique) and histological studies were performed in isolated femoral arteries . Prior
to starting intervention studies the feasibility of the intended methods had to be evaluated, as
isolated chicken embryo arteries have not been investigated in this way before (chapter 2). In
addition, the effects of acute hypoxia on arterial reactivity in the chicken embryo were evaluated
(chapter 3). *»
Effects of exposure to chronic hypoxia and protein malnutrition during development on
sympathetic innervation of arteries at the end of the incubation period were determined (chapter
4 and 5. respectively). The effects of these interventions on arterial endothelial function at the
same stage of development are presented in chapter 6. The consequences of exposure to chronic
hypoxia during in ovo development for vascular function and structure and for hemodynamic
parameters were also examined in 3 and 14 weeks old chickens (chapter 7). The results of these
studies are discussed in chapter 8.
S
*
In strict anatomical terms this arten is named "a. ischiadica" in the chicken. Location and size are
comparable to the mammalian femoral artery.
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CHAPTER 2
CONTRACTILE AND RELAXING REACTIVITY IN
CAROTID AND FEMORAL ARTERIES OF CHICKEN
EMBRYOS
tft >pvfl| of iiJr Krrs«!
Ferdinand A. C. I« Noble, Karin Raijtenbeek, Snsanne Gommers, Jo G. R. De




In the embryo, hypoxemia causes redistribution of cardiac output from the periphery
toward the heart and the brain. In view of this, we investigated developmental changes in the
contractile and relaxing properties of the peripheral femoral artery (Fem) and the more central
carotid artery (Car) at 0.7. 0.8. and 0.9 of the chicken embryo incubation time. Isolated arteries
were studied in myographs and were exposed to norepinephrine or phenylephrine. High K*(125
mM) and electrical field stimulation (0.25-16 Hz) were used to induce receptor-independent and
ncurogenic contractions. Relaxing responses to ACH were evaluated in the absence and
presence of the nitric oxide (NO) synthase inhibitor NJ^-nitro-L-arginine methyl ester (L-
NAMK) and before and after endothelium removal. a,-Adrenergic contractile responses
increased in a time-dependent manner and were significantly larger in Fem than in Car.
Ncurogenic contractions and adrenergic nerves could only be demonstrated in Fem at 0.9
incubation. AC'H caused relaxation in both Fem and Car at 0.7. 0.8. and 0.9 incubation. The
NO-indepcndent part of the relaxation was more pronounced in Car than in Fem at all
developmental stages. We conclude that the chicken embryo is a useful model to investigate the
development of vasomotor control and vascular heterogeneity. The observed regional vascular
differences may contribute to cardiac output redistribution during hypoxia in the embryo and
might result from endolhelial and neurogenic influences on vascular smooth muscle
differentiation.
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At late stages of embryonic development, acute changes in arterial oxygon tension altar
heart rate and the distribution of cardiac output (13). This chemoreflex produces an increase in
vagal nerve activity to the heart and an increase in sympathetic activity toward the periphery
(13. 18. 21). Through humoral and ncurogenic catecholamines this can lead to an elevation of
peripheral arterial tone (12. 13). The strength of the peripheral arterial constriction in the
embryo depends on the degree of maturation of the arterial smooth muscle as well as the supply
of vasoconstrictor stimuli. During acute embryonic hypoxemia. the How to vital orguns such as
the brain and heart is preserved at the expense of the peripheral circulation (17. 14, 25. 26).
Increases in arterial tone may occur predominantly in peripheral tissues (12, 19, 26).
Alternatively, hypoxemia may increase the conductance of the central \ascular compartments
through local vasodilator substances such as adenosine (22) and endolhelium-dcri\ed nitric
oxide (NO) (I). In the adult, the pharmacological control of the coronary and cerebral
circulations differs extensively from that of peripheral vascular beds. It is. however, not clear at
which de\ elopmental stage this regionally emerges and which mechanisms promote it. l"hc
chemoreflex may be subject to developmental changes(17). In fetal sheep, peripheral \ usomotor
control starts to develop at 0.7 gestation and becomes more prominent as development proceeds
(10. 15. 19). Control of the cerebral and coronary circulations may develop curlier and may rely
on local myogenic and metabolic mechanisms rather than on ncurohumoral mediators (15).
The chicken embryo is an attractive model to study cardiovascular responses during
fetal development (25. 30. 31). Unlike in mammalian species, cardiovascular responses in avion
embryos are not influenced by maternal or placental vasoactive hormones. We previously
demonstrated in 0.47- to 0.9-gestation chicken embryos that acute hypoxemia leads to
bradycardia (30) and redistribution of cardiac output in favor of the heart und brain (26). We
noted that, similar to results in fetal sheep, the fraction directed to the heart and brain increased
with gestational age (26). indicating a maturation of vascular control mechanisms. ITiis may be
due to changes in the efficacy of the chemoreceptors and changes in the ability of peripheral
arteries to regulate resistance, as well as developmental changes in sympathetic nervous and
endothelium-dependent control of these peripheral arteries.
The goal of the present study was to describe development and regionally of arterial
vasomotor control in the chicken embryo. A central artery, the carotid artery, and a peripheral
artery, the femoral artery, were isolated from 0.7-. 0.8-. and 0.9-incubation chicken embryo»
(i.e.. after 15. 17. and 19 days of the 21-day incubation period). Ilieir responses to adrencrgic
stimuli, sympathetic nerve stimulation, and ACH were compared. The latter compound is
generally considered to be an endothelium-dependent vasodilator(5. 7. 8. 10. 14). but this has
not yet been demonstrated in the chicken embryo. The choice of carotid and femoral arteries was
justified by their anatomic location, their size, and by the relative ease with which these vessels
could be isolated from even the smallest embryos investigated.
Materials and methods
Experimental procedures followed Dutch laws for animal experiments. Fertilized
Lohman-selected White Leghorn eggs were incubated at 38°C and 60% relative air humidity
and were rotated once every hour, until day 15. 17. or 19 (0.7. 0.8. or 0.9 incubation time,
respectively). The eggs were opened at their blunt side. The eggshell and the outer eggshell
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membrane were carefully removed using forceps to expose the inner eggshell membrane, which
was then superfused with Krebs-Ringer bicarbonate (KRB) solution. An incision of 2 cm was
then made in the chorioallantoic membrane. The egg was turned upside down, and the embryo
was collected on a petri dish. The extraembryonic membranes were removed, and the embryo
was transferred to a petri dish that had been coated with Sylgard (Dow Coming) and filled with
KRB. The right carotid and right femoral artery were carefully dissected from the embryo.
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Fig. 1. Typical tracing of isometric force vs. time illustrating contractile responses in a carotid artery of
0.9-incubation chicken embryo as a function of imposed distension. Isolated arterial segment was
mounted in organ chamber, and its lumen diameter was increased in steps of 30 um from 200 to 410 um
(arrows). At each level of distension, vessel was intermittently stimulated by exposure to 125 mM K*
(between K' and w (wash)J. Note that maximal contractile response ( l w ) was obtained at a diameter of
380 Mm.
The isolated arteries were mounted as ring segments (length 1.7 to 2.0 mm) between an
isometric force transducer (Kistler Morce DSC 6. Seattle. WA) and a displacement device in a
myograph (model 610M. J.P. Trading. Aarhus. Denmark) using two stainless steel wires
(diameter 40 urn). Force was divided by twice the vessel segment length to calculate wall
tension. During mounting and experimentation, the myograph organ bath (5 ml vol) was filled
with KRB maintained at 37°C and aerated with 95% O;-5% CO;. Each arten was stretched to
its individual optimal lumen diameter, i.e.. the diameter at which it developed the strongest
contractile response to 125 mM K*-KRB (K-KRB). using a diameter-tension protocol as
previous!) described for mammalian small arteries (Ref.29; fig. 1).
Reactivity and sensitivity to agonists were examined by constructing concentration-
response curves (0.001 to 10 umol/1). Between experiments the arterial preparations were
allowed to recover for at least 15 min. Contractile agonists were evaluated under basal
conditions: relaxing agonists were evaluated during contraction induced by 35 mM K\ The
effects of ACH were evaluated in the absence and in the presence of 0.1 mmol/1 N**-nitro-L-
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arginine methyl ester (L-NAME). The NO synthase inhibitor was added during contractions
induced by 35 mM K*. and the effects of ACH were evaluated 30 min later.
In a series of experiments restricted to femoral arteries of 0.9-incuhaiion chicken
embryos, the effects of ACH were also evaluated before and after the removal of the
endothelium. For this purpose we used two procedures: sliding of human hair (10 cm) through
the lumen of the vessel (27). and perfusing the lumen during 40 s with O.IS Triton X-100 in
KRB with 40-mmHg perfusion pressure (8). Using scanning electron microaoopy. we observed
that both procedures resulted in complete denudation of the luminalendothelial cells.
Organ chamber experiments were terminated by fixing the vessels in phosphate-
buffered (pH 7.4) formaldehyde (4%) during 30min at 37°C.
Fixed vessels were transferred to 70% ethanol and embedded in paraffin. To determine
medial cross-sectional area, we performed immunohislochcmistrv on thin cross sections (4 ^m)
with antibodies against smooth muscle a-actin (Sigma Chemical. St. Louis, MO). Endogenous
peroxidase was blocked by 0.1% H.-O: in methanol for 20 min at room temperature, and the
sections were incubated for 45 min with primary antibody (1:4.000). Horseradish peroxidase»
conjugated rabbit anti-mouse antibodies (Daka: dilution 1:200) and diuminobcn/aolinc-HjOi
substrate were subsequent!) used to visualize the immunoreactivity. Inc urea occupied by
smooth muscle a-actin was determined using a Zeiss Axioscope (Zeiss. Germany), a standard
CCD camera (Stemmer. Germany), and commercially available software (JAVA 1.21. Jandel
Scientific. Corte MaderaXA).
We used an actin-based method rather than the more classical l.awson staining of
elastine (29). because continuous internal and external elastic laminae could not be observed in
the arterial preparations before 0.9 incubation.
Sto/wmg o/"pm'vasci//ar jym/NJ/fer/r wrvei
To demonstrate the presence of /-norepinephrine(NE)-containing nerves, we stained
whole mount vessel preparations with glyoxylic acid (24. 29). Vessel segments were opened
longitudinally and were incubated for 30 min at 20°C in 2% glyoxylic acid in 10% sucrose
containing phosphate buffer (pH 7.2). Subsequently, the vessel segments were transferred to a
mounting glass, air-dried for 30 min. stretched at IOO°C for 4 min. and enclosed with I ntcllan
and a coverslip. The presence of glyoxylic acid-induced fluorescence, representing
catecholamine-containing nerves, was visualized using fluorescent microscopy (microscope
Nikon Diaphot. BA 470-DM 455 filter: Nikon FE2 camera). Photographs of the vessel segment*
were taken through the microscope (objective Fluo xlO. Nikon)using Kodak 320 ASA film.
So/uf ions a
The composition of KRB solution (in mmol/1) was as follows: 118.5 NaCl. 4.7 KC1. 1.2
MgSO4 7H;O. 1.2 KH;PO4. 25.0 NaHCO,. 2.5 CaClj. and 5.5 glucose. In K-KRB (125 mmol/l
K*) all NaCl was replaced by an equimolar amount of KC1. K'-containing solution (35 mmol/l)
was prepared by mixing appropriate volumes of K-KRB and KRB. Phosphate-buffered solution
consisted of 0.1 moll NaH:PO< H;O and 0.1 mol/l Na^HPO, 2HX). ACM. gJyoxy lie acid. L-
NAME. /-NE. /-phenv lephrine (PE). and prazosin were all obtained from Sigma Chemical.
BHT-933 (azepexol) was a generous gift from Boehringer. For all agents I.OOOx concentrated
stock solutions were prepared in double-distilled water.
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Concentration-response curves were analyzed in terms of sensitivity and maximal
response by fitting the individual experimental data with a nonlinear sigmoid regression curve
(GraphPad Software. San Diego. CA). Maximal contractile responses (E^,) were expressed in
terms of active wall tension (force divided by twice the segment length: N/m): sensitivities are
shown as pDj. wheTe pDj= -logio EC*> (EC«> represents the concentration at which 50% of the
maximal responses were observed). Changes and differences in EM» and pD; with time and
between types of vessels were evaluated by ANOVA with Bonferroni's correction for multiple
comparisons. P < 0.03 was accepted to represent statistical significance. Data are shown as
means ±SEM. ~ ^-, . .«„. ,^ . , . . . . ,_ , , ,^, . .
• > • - . - I ••
Results
Femoral and carotid arteries obtained from 0.7- to 0.9-incubation chicken embryos
responded to depolarizing high-K' solution with a contraction (fig. I). In both types of vessels,
the diumeter at which maximal responses were obtained (D^) and the amplitude of the maximal
response (K„„) increased significantly with increasing incubation (figs. 2 and 3). In femoral
arteries. D^, averaged 357 ± 8. 409 ± 13. and 449 ± 15 urn and K^, averaged 0.26 ± 0.03. 0.73
± 0.15. and 1.78 ± 0.14 N/m at 0.7. 0.8. and 0.9 incubation, respectively (n = 10-18). In carotid
arteries. D^, averaged 368 ± 8.406 ± 8. and 468 ± 15 urn; and K ^ averaged 0.19 ± 0.02.0.21 ±
0.04. and 1.0! ± 0.15 N/m at 0.7. 0.8. and 0.9 incubation, respectively (n = 8-13). Despite
comparable diameters (fig. 2). contractile responses to K* were significantly larger in femoral
than in carotid arteries at 0.8 and 0.9 incubation (fig. 3).
Part of the reason for these results seems to be the significantly larger medial mass in
femoral than in carotid arteries (fig. 2). but statistically significant differences between both
vessels persist when contractility was normalized to medial thickness. Active wall stress
averaged 69 ± 7 and 41 ± 5 N/m" at 0.8 incubation and 142 ± 11 and 85 + 9 N/m' at 0.9
incubation in femoral and carotid arteries, respectively.
In femoral and carotid arteries at 0.7. 0.8. and 0.9 incubation, high concentrations of
relaxing agonists, such as ACH (10 umol/1). adenosine (1 mmol/1). and papaverine (1 mmol/1)
failed to affect basal tension, indicating the absence of spontaneous tone under the experimental
conditions.
In all femoral arteries from 0.7 incubation onwards, and in all carotid arteries at 0.9
incubation. NK and the selective a,-adrenergic agonist PH induced concentration-dependent
tonic contractile responses (figs. 3 and 4). At 0.7 and 0.8 incubation, only 30-40% of the carotid
arteries investigated responded to the agonists: maximal responses were close to the detection
limit of 0.01 N/m. At all time points. E^», to the adrenergic stimuli were significantly larger in
femoral than in carotid arteries (fig. 3). At 0.9 incubation, the sensitivity (pD:) for NE was
significantly smaller in femoral (6.03 ± 0.8) than in carotid arteries (6.53 ± 0.11). whereas the
sensitivity for PF was comparable in femoral (5.58 ± 0.09) and carotid arteries (5.27 ± 0.17).
Both femoral and carotid arteries failed to contract in response to BHT-933. a selective Or
adrenergic agonist (data not shown), indicating a lack of functional a-adrenergic receptors on




























Fig. 2. Lumen diameter and medial iron tcctional area (CSA) of chicken embnonic arteries at a
function of gestations! age. A: diameter at wWch K_, to 125 mM K* could be obtained u thowi for
isolated femoral arteries (hem) and carotid arteries (Car). B: medial CSA was determined on anti-emoolh
muscle a-adin-staincd cross sections. Values arc means ± SIM (number of arteries: n " I-IS).














Fig. 3. Contractile reactivity of chicken embryonic arteries as function of incubation. fc«,U> 125 mM K*
(A), norcpinephrine (NE. B). and phenylephrine (C) are shown for isolated Fern and Car. Values are
means t SEM (n = 8-18). 'Difference from Fern is statistically significant (P < 0.05). I>ata anarym WM



























Flj. 4. Contractile responses of 0.9-incubation chicken embryonic Fem to electrical field stimulation of
pcrivascular nerves (A) and cxogenously supplied NE (B). Values are means ± SEM (n = 10).
Fig. 5. Glyoxylic acid-induced fluorescence in a whole mount preparation of 0.9-incubation chicken
embryonic Fem highlighting the presence of NL\-containing pcrivascular nenes. Calibration bar: 280 urn.
<y>«&ruwur anwies | SI
Electrical field stimulation caused frequency-dependent contractions in femoral arteries
at 0.9 incubation (fig. 4) but failed to induce contraction in femoral arteries at curlier
developmental stages and in carotid arteries at all stages investigated. Cilyoxylic acid staining
confirmed the presence of catecholamine-containing nerves in femoral arteries at 0.*) incubation
(fig. 5). In the presence of the cti-adrencrgic receptor antagonist pra/osin (0.1 umol/1).
contractile responses of 0.^-incubation femoral arteries to electrical field stimulation \>. on-
reduced by >85% (data not shown).
Embryonic arteries that had been constricted with 35 mmol/1 K' responded to ACH with
concentration-dependent relaxations (fig. 6). In 0.9-incubation femoral arteries, the relaxing
responses to ACH were abolished by mechanical or chemical removal of the endothelium (fig.
6). Sensitivity to the cholinergic agonist and its maximal effect did not change significantly
between 0.7 and 0.9 incubation and did not differ significantly between femoral and carotid
arteries (fig. 7). L-NAME (0.1 mmol/1) increased the contractile responses to 35 mmol'1 K' in
both femoral and carotid arteries (fig. 6) and reduced the sensitivity and the maximal
responsiveness to the endothelturn-dependent relaxing effects of ACH in both types ol vcsseli
(fig. 7). Although K -induced contraction was both on an absolute and a relative busis stronger
in femoral than in carotid arteries, the l.-NAMI-.-rcsisiant component of the relaxing cllccts ol
ACH was significantly more pronounced in carotid than in femoral arteries at 0.7 and at 0.9
incubation (fig. 7). It is noteworthy that the contractile effect of I.-NAMh in embryonic arteries
was not significantly altered by endothelium removal (tig. 6).
• . , - » ; • • , - J : . . • • - ! • • . * i : £ . - i . - . ; ' • • • : : > • • > « « - • • ; ' » * • • ' « ' - • ; - • * ' : « • > • • « ' * ' • • > ! • • -
I
1
Fig. 6. Typical tracings of isometric tension vs. time illustrating effect! of 3? mM K*. ACH. and N*-
mtro-L-arginine methyl ester (l.-NAME) in intact (^ endothelium (+E): top) and denuded |-endo<helium (
E): bottom) segments of 0.9-incubation chicken embryonic Fern. Removal of endothelium was obtained
by pcrfusion with 0.1% Triton X-100. Concentrations of pharmacological agents arc ihown at log M.
Horizontal bar 5 nun: vertical bars: I N/m. ~
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Discussion ' • •
Between 0.7 and 0.9 incubation, the contractile reactivity to a,-adrenergic and receptor-
independent stimulation increased in the femoral and carotid arteries of chicken embryos. Late
developmental increases in contractile reactivity, in neurogenic vasoconstrictor responses, and in
the responsiveness to endotheliurn-derived NO were more pronounced in the peripheral femoral
artery than in the central carotid artery. Such regional heterogeneity may contribute to the
redistribution of cardiac output during hypoxemia in the embryo and may find its origin in
neurogenic and endothelial influences on the functional differentiation of arterial smooth
muscle.
Previous studies of cardiovascular responses in chicken embryos revealed similarities to
those in fetal sheep (17, 26). Most notably, acute hypoxemia results not only in bradycardia but
also in a redistribution of cardiac output from the peripheral circulation to the heart and brain in
both species. Catccholamines participate in this embryonic chemoreflex in both systems (12.15.
17, 18. 20, 21. 25. 26, 30). In the present study we analyzed isolated arteries of the chicken
embryo.
The use of in vitro approaches, which are well established for adult arteries (e.g. 7. 8.
29). allow quantification of responses and sensitivities of individual blood vessels to various
vasoactivc agents and allow us to quantify neurogenic and endothelium-dependent responses in
the absence of modulators circulating hormones. We compared femoral and carotid arteries as
model systems for a peripheral and a central vascular bed. The size and reactivity of the
youngest arteries that we studied were only moderately above the limits of the in vitro
techniques that are currently available. Vessels further downstream were therefore not included
in this study.
In femoral and carotid arteries obtained from 0.7-incubation embryos, direct
depolarization induced significant contraction. This indicates that at this developmental stage
the arterial smooth muscle cells are already equipped with contractile proteins and an excitation-
contrnction coupling that most likely involves voltage-operated calcium channels, hi both types
of vessels, the receptor-independent contractile responses to depolarization increased five- to
sevenfold between 0.7 and 0.9 incubation, whereas medial mass, as judged from measurements
of medial cross-sectional area, increased only 65-75%. The contractile responses were larger in
femoral than in carotid arteries despite comparable lumen diameter, and significant differences
persisted aller correction for differences in medial thickness. It is most likely that smooth
muscle cell differentiation contributes to the developmental increase in arterial contractile
reactivity in general and to the difference between femoral and carotid arteries as regards
contractile strength in particular.
At all time points investigated. NE and PE induced contraction in the embryonic
femoral arten. Adrenergic responsiveness and pharmacomechanical coupling thus develop
rather early in the chicken embryo. Previous research (11) established that cardiac adrenergic
responses can be observed as early as day 4 of incubation. In sharp contrast, consistent Oi-
adrcnergic contractile responses could not be obtained in the carotid arteries before 0.9
incubation. With the use of 0.3 nM ['HJprazosin and previously described ligand-binding
techniques in intact arterial segments (28). we observed that the density of at-adrenergic
receptors was comparable in 0.9-incubation femoral arteries (10.8 ± 1.3 ftnol/mg total protein, n
= 8) and carotid arteries (11.1 ± 1.8 fmol/mg total protein, n = 4). Consequently, aspects beyond
the receptors, most likely involving the coupling of these sarcolemmal structures to the
contractile apparatus, account for the regional difference. Little is known about the mechanisms
that control ai-adrenergic mechanisms in general and during development in particular.
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The observed difference between the two types of arteries excludes a major role for
circulating factors such as glucocorticoids and catecholamines. Recent findings of our group
suggest, on the other hand, that local aspects of smooth muscle cell differentiation and of
perivascular sympathetic innervation play a pivotal role in this respect. We demonstrated in
adult arteries that dedifferentiation of arterial smooth muscle resulting from balloon injury is
accompanied by a marked reduction of cX|-adrenergic receptor density (3) and that the
perivascular sympathetic innervation promotes the presence of ot|A-adrenergic receptors while
reducing the density of am- and ctm-adrenergic receptors (28).
In this study we approached perivascular sympathetic nerves histochemically and from
a functional point of view. Glyoxylic acid-induced fluorescence of perivascular nerve fibers was
prominent in late-incubation chicken femoral arteries. Prazosin-sensitive contractile responses to
perivascular nerve stimulation were obtained in late-gestation femoral arteries but not in carotid
arteries. In the femoral arteries, constrictor responses to exogenous NE could be obtained before
neurogenic responses. In adult arteries, the density of perivascular sympathetic innervation
varies considerably between anatomic locations (28). Regionally selective vascular sympathetic
innervation during development is brought about by timely secretion by vascular smooth muscle
of a mixture of nerve-attracting mediators such as nerve growth factor and nerve-repelling
substances. This secretion is restricted to a rather limited period of time and may be limited to an
intermediate vascular smooth muscle cell phenotype (9. 16). It may furthermore be more
prominent in vascular smooth muscle cells of mesodermal origin than in those that are derived
from the neural crest and which primarily populate the blood vessels in the cranial region. In
addition to altering the pharmacological properties of the innervated blood vessel (e.g.. see 29).
the perivascular sympathetic innervation can initially stimulate growth and proliferation of the
smooth muscle cells and subsequently promote the development and maintenance of a
contractile phenotype (for review, see Ref. 6). We thus propose that the stronger contractility of
femoral arteries during late development and their larger responsiveness to ai-adrenergic
stimulation arc related to their sympathetic innervation. The causal interrelationship between
these aspects clearly remains to be established. '.&.
Another vessel wall component that plays important roles in the morphogenesis and
development of the vascular system and in the control of vasomotor tone is the endothelium.
Endothelial cells give rise to the earliest vascular channels and later attract mesenchymal cells to
the vessel wall (4). Subsequently, endothelium-derived mediators promote the differentiation of
these vessel wall cells into contractile smooth muscle cells (4). Endothelium-derived NO that
stimulates cGMP production and protein kinase G activity has been proposed to participate in
this differentiating action (2. 23). We approached this mediator with the use of ACH. an agent
that induces endothclium-dependcnt relaxation in adult arteries of various species (5. 7. 8. 10).
including chicken aorta (14). Our experiments with mechanical and chemical endothelium
removal demonstrate the endothelium dependency of cholinergic vasodilatation in the chicken
embryo. Partial blockade of these relaxations by the NOS inhibitor L-NAME indicates an
involvement of endothelium-derived NO. Relaxing effects of endothelium-derived NO could be
demonstrated from the earliest developmental stages investigated and were at all stages more
prominent in femoral arteries than in carotid arteries. Our current findings do not allow us to
attribute the regional difference to a larger endothelial release of NO or to a more elaborated
guanv late cyclase-protein kinase G system in femoral than in carotid arteries. Yet. the findings
are consistent with a contribution of endothelium-derived NO to the differentiation of arterial
smooth muscle (2. 23) and to the developmental increase in arterial contractile reactivity. Future
pharmacological intervention studies are. however, needed to strengthen this proposal.
It is noteworthy that in chicken embryonic arteries, as in some adult mammalian
systems (5) and in the aorta of mature chickens (14). the endothclium-dependent relaxing
responses to ACH could only partly be blocked by L-NAME. A role for an endothclium-deris cd
hyperpolarizing factor (?) seems unlikely because the relaxing effects of ACM were studied
during contraction induced by depolarizing high-K' solution. l"hc exact nature of the I.-NAM1--
resislant component of endotheliurn-dependent relaxation remains to be established in chicken
embryonic arteries. This also applies for the observed endotheliunvindependcncy of the L-
NAME-induced contraction.
In summary, we obsen ed differences between carotid and femoral arteries of chicken
embryos as regards the de\ elopmental increase in contractile strength. U|-adrcnergic
v asoconstriction. perivascular sympathetic innervalion. and endolhclium-dcpcndcnt
vasodilatation involving NO. From approximately "mid-incubation", the cardiovascular system
of the chicken embryo can respond to hypoxemia with a redistribution of cardiac output from
peripheral vascular beds to the heart and brain (2$. 26). As development progressed, this
chemoreflex became more prominent. Based on our observations, the dev elopment of arterial
contractile reactivity, i.e. its pharmacological control and regional heterogeneity, may
participate herein and seems to involve neurogenic and endothelial influences on arterial smooth
muscle cell differentiation.
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Abstract * *
In the chicken embryo, acute hypoxemia results in cardiovascular responses, including
an increased peripheral resistance. We investigated whether local direct effects of decreased
oxygen tension might participate in the arterial response to hypoxemia in the chicken embryo.
Femoral arteries of chicken embryos were isolated at 0.9 of incubation time and the effects of
acute hypoxia on contraction and relaxation were determined in vitro. While hypoxia reduced
contraction induced by high K' to a small extent (-2I.8±5.7%). contractile responses to
exogenous norepinephrine (NH) were markedly reduced (-51.1±3.2%) in 80% of the arterial
segments. This effect of hypoxia was not altered by removal of the endothelium. inhibition of
NO synthasc or cyclo-oxygenase. nor by depolarization plus Ca"*-channel blockade. When
arteries were simultaneously exposed to NK and acetylcholine (ACH), hypoxia resulted in
contraction (+49.8±9.3%). Also, relaxing responses to ACH were abolished during acute
hypoxia. while the vessels became more sensitive to the relaxing effect of the NO-donor.
sodium nitroprussidc (pD;: 5.8I±O.2I vs. 5.3110.27). Thus, in chicken embryo femoral arteries,
acute hypoxia blunts agonist-induced contraction of the smooth muscle and inhibits stimulated
I-DRI- release. The consequences of this for in vivo fetal hemodynamics during acute
hypoxemia depend on the balance between vasomotor influences of circulating catecholamines
und those of the endothelium.
o
Introduction
in the fetus, an acute decrease in arterial oxygen tension leads to cardiovascular
responses, involving an elevation in blood pressure and redistribution of the cardiac output in
favor of vital organs. In fetal lambs (10). fetal llama's (4) and chicken embryos (25. 24)
increased levels of circulating catecholamines take part in this response, liarly in gestation, the
chromaffin cells in the primitive adrenal medulla are directly sensitive to low oxygen tension.
Later in gestation, activation of efferent sympathetic nerves also contributes to the response
(38). Antagonists of a-adrenoreceptors blunt the hypoxia-induccd increase in fetal total
peripheral resistance (10.9. 25). *i!*r Wü*** :.•,•# *r!
Neurohumoral mechanisms have been proposed to be important regulators of blood
flow in the hvpoxemic fetus, but it remains to be established whether local and direct effects of
decreased oxygen tension participate in the fetal cardiovascular response to hypoxemia. In
previous studies we have shown that chronic exposure to hypoxia affects both sympathetic
innervation (34 (chapter 4» and endothelium-dcpcndcnt relaxation (abstract 33 (chapter 6)) of
femoral arteries of the chicken embryo, but acute effects of hypoxia in isolated systemic arteries
were not studied. Moreover, acute effects of low oxygen tension have been studied in fetal
pulmonary (35. 42) and cerebral and carotid arteries (8. 3. 43). but few studies have addressed
this in isolated systemic peripheral arteries of fe«use«?v.».',i»-Ilf«w *jw%r»#$sfezsMlte ?<(£*[t<4
In adult animals, a broad variety of local responses to acute I
in systemic arteries. Contraction, relaxation and even biphasic
(47). Reduction of relaxation and augmentation of contractile responses during hypoxia/anoxia
have been mainlv attributed to an inhibition of EDRF/NO release (26. 44). Vasorclaxation in
response to a decrease in oxygen tension has been shown to involve NO (17. 12). proslaglandins
(22. 12), potassium channels (19. 41). calcium channels (15) and/or adenosine (41). ihc role of
the endothelium in relaxing responses to hypoxia is a subject of discussion. The different types
of responses seem to depend not only on the vascular bed and the species studied, but also on
the degree of hypoxia (15) and on the developmental stage of the animal studied (27). ««raster:
In the present study we investigated the acute effect of low oxygen tension on isolated
femoral arteries of the chicken embryo near the end of incubation. In previous studies, we
showed that at this time point in the chicken embryo neurohumoral mechanisms are important
in in vivo responses to acute hypoxia (23) and that vasoconstrictor and vasodilator responses are
detectable using the wire myograph technique (18 (chapter 2)). Therefore, we studied the effect
of acute hypoxia in the presence of mediators that play a role in the sympathetic nervous system
and in the regulation of vascular tone during fetal hemodynamic responses to hypoxemia.
Methods
Fertilized eggs of White Leghorn chickens ("t Anker. Ochtcn. NL) were incubated at 38
°C and 21 % O: with a relative air humidity of 60 % and were rotated hourly. After 19 day« of
the 21 days incubation time the eggs were opened. The embryos were taken out and
immediately killed by decapitation. Ring segments of the femoral artery (2 mm long) were
isolated and mounted in a myograph organ bath (model 610M. J.P.Trading. Aarhus. Denmark)
for recording of isometric force development. The organ bath was filled with KrcbvKinger
bicarbonate solution (KRB). which was maintained at 37 °C and aerated with 95% (>: and 5%
COj. The experiments complied with the Dutch law for animal experimentation.
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After an equilibration period of 30 minutes, the vessel segments were stretched to their
optimal diameter, i.e. the diameter at which the largest contraction in response to a high
potassium solution (63 mmol L ' K*) was observed (49414 fim). Then, either no stimulus was
given or contraction was induced by a single concentration of NE or potassium. An acute
decrease in oxygen tension was induced after 10 minutes (when contraction was stable) by
switching the gas mixture (aerating the organ bath) from 95% CW5% CO; to 95% N;/5% CO; as
has been described by others studying fetal preparations (8. 3. 43). The pO; in the organ
chambers was measured with an ISO; dissolved oxygen meter and oxygen electrode (World
Precision Instruments. Berlin. Germany) and reduced rapidly (pO; became less than 25 mm Hg
after 4 minutes and was 16.712.7 mm Hg after 8 minutes).
Different concentrations of NH (I nmol 1/' and 5 fimol L"') were used to induce
receptor-mediated contraction. Depolarization-induced contraction was obtained by raising the
K' concentration of the KRB (63. 94 and 125 mmol L"')in exchange for Na'. Arterial responses
to ;i decrease in oxygen tension were also studied during electrical field stimulation, which was
previously shown to activate peri-arterial sympathetic nerves of the chicken embryo femoral
artery (18 (chapter 2)). Because neurogenic contractile responses to nerve stimulation were not
stable the above mentioned protocol had to be adjusted. Transient responses to 4 Hz (2 msec. 85
mA) field stimulation were studied during hypoxia (after 10 minutes) and under control
conditions.
To evaluate the role of changes in membrane potential and of L-type Ca'* channels the
following protocol was used. Vessels were exposed to 75 mmol L"' K* in the presence of
niledipine (I fimol I/'), a blocker of voltage-operated calcium channels, and were then
stimulated with 1 fimol 1."' NE. Hypoxia was induced and maintained for 10 minutes. In
addition, experiments were performed with Bay-K8644. which stimulates L-type Ca"*-channels.
As 300 nmol 1.' Bay-K8644 did not change basal tone, it was added during contraction with 25
mM K' or I fiinol L ' NE. When contraction was stable a 10 minutes period of hypoxia was
i n d u c e d . ' • " > • ? • • > • • i > , • ! ? > • • ? • • • ; • > ' : = . • • _ - , • • , • ; • • . - . ; ; • : • = : • • • - • ; . • • • . • • : - • .
The response to low oxygen tension was also studied in vessel segments with and
without endothclium. The endothelium was removed by rubbing the inside of the mounted
vessel with a human hair or by perfusing the vessel segment for 90 sec. with 0.1 % Triton X-
100 (perfusion pressure = 40 mm Hg) prior to mounting.
The response to acetylcholine (1 fimol I."') during contraction with high K* was used to
check whether the vessel was successfully denuded. For a number of vessels this was also
checked histologically by means of scanning electron microscopy. The effect of hypoxia in
denuded and intact vessels was studied in unstimulated vessel segments and during NE-induced
contraction.
The response to hypoxia in vessel segments contracted with 1 fimol L'' NE was also
studied in the presence of the NO-synthase blocker L-NAME (100 fimol L"') and in the
presence of the cyclo-oxygenase inhibitor indomclhacin (3 nmol L"').
Relaxing responses to acetylcholine (10 nmol L' -10 fimol L"'. half log steps) and
sodium nitroprusside (10 nmol 1.' -10 fimol I.', half log steps) were studied in vessels
contracted with 63 mmol L"' K* during hypoxic and control conditions. Furthermore, the effect
of acute hypoxia was also studied in vessels in which relaxation was induced by acetylcholine
(300 nmol I,') during contraction stimulated by NE (1 fimol L"').
The effect of reoxygenation is not discussed in this paper. Responses to hypoxia were
reversible and reproducible within one experiment, which enabled the use of different stimuli
within one vessel segment.
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Krebs-Ringer bicarbonate buffer (KRB) contained (in mmol L '): NaCI. 118.5; MgSO<
7H;O. 1.2; KH;PO4. 1.2: NaHCO,. 25.0: CaCI;. 2.5: glucose. 5.5. Solutions containing
different concentrations of K' were prepared by replacing part of the NaCI by an cquimolar
amount of KCI. Arterenol bilartrate (norepinephhne). indomcthacin and N(i>-nitro-l.-arginine
methyl ester (L-NAMF) were obtained from Sigma Chemical Co (St. l.ouis. MO), nifedipine
from Bayer (Leverkusen. Germany), acetyIcholine chloride from Janssen Chimica (Becrsen.
Belgium) and sodium nitroprusside from Acros (Creel. Belgium). Bu\-k8(v44 was kindly
supplied by Dr. Kazda (Bayer. FRG). Indomethacin and nifedipine were dissolved in 100%
ethanol. Bay-K8644 in dimethyl sulfoxide (DMSO), and all other agents in distilled
Active wall tension (AWT) was calculated by dividing force by two times the length of
the vessel segment (N/rn). Responses to acute hypoxia were expressed as percentage change of
AWT. Whenever possible, two vessel segments were taken from one artery of the same chicken
embryo (femoral artery segment of 4 mm cut in two) to study the effect of acute hypoxiu under
the different circumstances. In this case paired t-lcst or the non-parametric \ an ant (Wilcoxon
signed rank test) were used for statistical analysis. Otherwise, data were anal wed with t-test tor
two groups or the non-parametric variant (Mann Whitney U-test). when normality test fuiled
(Sigma Stat 2.0. Jandel Scientific). Data are presented as mean ± SI-.M of n embryos and 1*^ 0.05
was considered statistically significant.
crease ;n ar/er/a/ /owe
In unstimulated vessels, acute hypoxia induced a small transient increase in lone
(3.8±0.9 % (n=18) of the contraction induced by 63 mmol L ' K'). Endothelial removal seemed
to increase this contraction (+8.912.5 vs. 2.111.0% of K'-induced contraction n=6. Wilcoxon
signed rank test. P=0.03). but blockade of NO-synthasc did not induce changes (+6.312.9 % vs.
+4.212.0 % of K*-induced contraction. Wilcoxon signed rank test. n=6. P=0.44). When an acute
decrease in oxygen tension was induced during contraction stimulated by I (imol L"'
norepinephrine (NE). no effect was observed in 12 out of 59 vessel segments. In 28 artery
segments hypoxia induced a transient increase in tension (+12.712.4% increase of N t induced
contraction, fig. 2). which was not modified by the presence of L-NAME (+7.311.8% vs.
+8.912.6%. n=7. paired t-test, P=0.52). nor by denudation (+17.614.5% v». +8.611.8%, D - 7 ,
paired t-test. P=0.06). , . . . , \ „ ,- • .
co/tfrocf/'on. In 80% of the studied vessel segments, hypoxia ultimately
induced a decrease in the contraction induced by 1 (imol L ' NE (-51.113.2%. n=47) (fig.I).
Using 5% O: instead of 95% O; to aerate the organ bath did not modify NK-< I u.mol I/' )induced
contraction (1.9210.15 vs. 2.1610.24 N/m, n=5. Wilcoxon signed rank test. P-0.25). Hypoxia
(0% O?) had similar effects on NE-induced contraction in artery segments that were equilibrated
in 95% Ot and in 5% Oj (-42.0173% vs. -51.0111.2%. n=5. Wilcoxon signed rank test.
Klf. I. Typical tracing of isometric force as a function of time illustrating the effect of hypoxia (N;) on
the contraction induced by I umol L ' norepinephrine (NE). Bar graph shows mean ± SEM of 47 artery
segments.
The decrease in contraction during biphasic responses to hypoxia was not different from
hypoxic relaxation that was not preceded by hypoxic contraction (-47.6±3.0% vs. -56.2±6.5%,
n=l9-28. Mann Whitney U-test. P=0.14). Initial NE induced contraction did not differ either
(1.77±O. 12 vs. 1.9810.09 N/m. n= 19-28. t-test. P=0.16).
Under control conditions, contraction induced by 5 (imol L ' NE (2.0810.18 N/m) was
comparable to that induced by 1 umol 1/' NE (2.06±0.19 N/m. t-test. n=5-7). The hypoxia-
induced decreases in contraction did not differ between vessel segments stimulated by 5 umol
f ' NE (-44.3±3.9%) or 1 umol 1."' NE (n=5-8. t-test. P=0.43).
Ncurogcnic sympathetic contraction induced by 4 Hz electrical field stimulation was
reduced by half during hypoxia (0.6910.10 N/m vs. 1.4510.24 N/m during normoxia. n=6.
Wilcoxon signed rank test. P=0.03).
Ow»/r<K7/OM //K/MCW ftv rfe/w/arfca/iow. Under control conditions, contractile responses
to high K* (63 mmol L"': 1.5710.22 N/m. 94 mmol L"': 1.5410.23 N/m and 125 mmol L ' :
1.7910.16 N/m) did not significantly differ from those to 1 (imol L'' NE (Wilcoxon signed rank
test and paired t-test. n=6. P=0.44. P=0.48 and P=0.95 respectively). The decrease of
contraction in response to hypoxia (-21.815.7%. -19.014.5% and -11.7113.2%. respectively, fig.
2) was significantly smaller during contraction stimulated by depolarization than during a-
adrenergic contraction (Mann-Whitney U-test. n=5-8. P<0.01 for all concentrations K*).
Blockade of voltage-operated calcium channels (Cay) by nifedipine markedly reduced
contractile responses to 75 mmol/L'' K* (remaining contraction: 2013.1% of initial contraction).
Contraction to NE. was decreased b\ 40% in the continuous presence of 75 mmol L"' K* and 1
umol L"' nifedipine (0.9810.23 vs. 1.7110.32 mN/mm. paired t-test n=5. P=0.02). Fig. 3
illustrates that the amplitude of the hypoxic relaxation was not reduced under these
circumstances (-81.0111.9 % vs. -51.516.6%. paired t-test. n=5. P=0.28).
Mpaucia in cMrtat mAryo ****** | *5
Bay-K8644 (300 nmol I.'). which i li»<Wl <||ll ( V i l l a ! Ill did not change active
wall tension in unstimulated artery '•»g'"-*"" HrtWWfrllMJlMillliiiiM|rnnttiitft?1 nHTml I.' K'
were increased by 50% (1.61±0.16 N/m vs. 1.07±0.10 N/m. paired t-lest. n-7. P<0.0l).
Responses to I nmol L ' NE were slightly altered in the presence of Bay-K8644 (2.05±0. UN/m
vs.l.85±O.I4N/m. paired t-tesL n=8. P<0.0U. Induction of hypoxia reduced contraction in
response to 25 mmol L ' K* and 300 nmol L ' Bay-K8644 by 46. (±4.4% and attraction
stimulated with 1 nmol L"' NE and 300 nmol L ' Bay-K8644 by 61.7±9.3%
-25-
-75-
Fig. 2. Ultimate effect of hypoxia on contractile responses to potassium (K*: 63 mmol 1.' (left), 94 mmol
1.' (middle), and 125 mmol 1.' (right)). Data are expressed as percentage change of contraction and
shown as mean ± SEM (n=5-7). Responses to hypoxia are significantly different from those observed in
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Fig. 3. Effect of hypoxia on contraction induced by I }linol L ' norepmephrine in absence (open ban) and
presence of I nmol L ' nifedipine and 75 mmol I.' K* (filled ban): the decTcaw of «tract ion induced
by hypoxia is presented as the percentage change in NL-induced active wall Irnaiow. fltHB 1 SIM (n~3).
The hypoxia-induced decrease in contraction was not attenuated in the presence of nifedtpine and K\
The accompanying tracing shows the effect of hypoxia (Nj) on isometric force as a function of lime
during high K\ mfediptne (Nif) and norepmephrine f>fE).
M I Ouster J . irf ik.
£#i?c/ q/" ewfo/te//i<m remova/. Endothelium removal abolished relaxing responses to
ACH (I Mmol I/': -4.5±1.3% V». -74.2+2.1%. n=25). Mechanical and chemical removal of
endothelium resulted in significant and comparable decreases of contractile responses to NE (1
jimol L ': l.06±0.08 N/m vs. 1.91±0.13 N/m, n=20. paired t-test. P<O.OOI) and K* (125 mmol L"
' : 0.87±0.07 N/m vs. l.71±0.09 N/m. n=25. paired t-test. P<0.001). In denuded arteries
contracted with I nmol L ' NE the hypoxic change in contraction tended to be less pronounced
(-I6.5±IO.I% vs. -43.313.8%. paired t-test. n=8. P=0.08). However, in denuded vessels
contracted with higher concentrations of NE (3 and 10 nmol L"'. contraction: 1.55±0.06 N/m)
the hypoxic response was not significantly different compared with intact vessels stimulated
with 1 nmol L ' NE (hypoxic relaxation: -56.415.0% vs. -39.716.4%, n=7. paired t-test.
P-0.07).
/$«• / q/" A/OV- aw/ ox7o-ojr>^/?aje-/rtA/Ai7io«. At 95% O;. contraction induced by 1
Hmol I.' NE was not modified by 100 mmol I.' l.-NAME (2.010.1 vs. 2.0+0.1. Wilcoxon
signed rank test. n=l I. P=0.88). NO-synthase inhibition during NE-induced contraction did not
affect the hypoxiu-induced decrease in active wall tension (-47.017.0% vs. -54.117.2%. n=l l .
paired t-tcst. l> 0.49). During incubation with the cyclo-oxygenase inhibitor indomethacin (3
I.'). hypoxia reduced contraction induced by 1 nmol L"' NE by -43.517.6% (n=4).








Fig. 4. E-tt'ect of hypoxia on relaxation induced by acetylcholine (ACH) (top) and sodium nitroprusside
(SNPXbottom) during iM>nno\ia (open s\mbols) and h>poxia (rilled symbols). Hypoxia completely
abolished ACH-induccd relaxation (n=«) and significantly increased sensitivity to SNP (u=6). * P<0.05.
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lInder control conditions, acetylcholinc induced dose-dependent relaxation (n-*,
pD;=6.82±0.09. E^,«-85.3±2.8V fig. 4). This relaxation was completely abolished by hypoxia
(fig. 4). However, low oxygen tension did not reduce relaxation induced bv the NO-donor SNP;
sensitivity was even increased during hypoxia (pD;: 5.8110.21 vs. 5.3110.27. paired t-lcst. n-<>.
P=0.04. E_„: -95.1±2.4% vs. -91.713.8%. paired t-test. n=6. P-0.47. fig. 4).
Hypoxia reversed relaxing responses to 300 nmol I.' M ACM during NE-(I umol L"')
induced contraction (fig.5). The resulting contraction (49.8019.27% of NE contraction) was
comparable to the remaining contraction observed in vessel segments that were exposed to
hypoxia during NE-tnduced contraction without ACH (paired t-test. n-7. P-0.77).
Discussion
Our findings indicate that hypoxia reduces agonist-induced contraction and at the same
time inhibits the release of endothelium-derived relaxing factors in isolated femoral arteries of
chicken embryos at 0.9 of the incubation time. The net effect, namclv \ asocontraction. may
contribute to the total arterial contractile response in hypoxemic chicken embryo«. *»in^v
We have previously shown that the chicken embryo is a useful model to study the
development of cardiovascular control (23. II). It has advantages over mammalian UMKICIH.
including the possibility to evaluate effects of isolated env ironmental factors, such as hypoxia and
malnutrition. We described effects of hypoxia on cardiac output distribution, circulating
catecholamines (acute) and on the development of cardiovascular sympathetic nerves in the
chicken embryo (chronic) (25. 24. 34 (chapter 4». The present study was undertaken to investigate
whether low oxygen tension directly influences peripheral arterial reactivity.
Jrvpox/a o/» con/racr/ow
In 80% of all vessels studied. NE-induced contraction was ultimately reduced during 10
minutes exposure to hypoxia. In 50% of these vessels the hypoxic relaxation was preceded by a
small significant increase in tone. In some arten segments, however, reduction of oxygen tension
did not have any effect. Variability in the response to hypoxia may be due to subtle developmental
differences between embryos, contractile effects of intermediate levels of oxygen tension or
multiple effects of hypoxia on the arterial wall. A limitation of the present study may be
introduced by the pO; levels that we used under control conditions. Aerating the organ bath with
95% O; and 5% CO: is standard procedure in studies using the wire myograpgh technique to
examine adult vessels and in the limited number of studies investigating the effects of acute
hypoxia on fetal systemic arteries (3. 8. 43). However, oxygen levels in these conditions largely
exceed in vivo fetal pO: (20-30 mm Hg) (16. 4). We therefore performed additional experiments
with 5% Oj to check whether the effect of acute hypoxia was dependent on the starting pO;
levels. However, contraction stimulated with NE and subsequent responses to acute hypoxia
were comparable using 95% O; or 5% O; as control conditions.
In the majority of arteries stimulated with NH. induction of acute hypoxia ultimately
resulted in a partial decrease in tone. A reduction in tone in response to hypoxia may be the
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N.
FHt- '• Typical tracing of isometric force as a function of rime illustrating the effect of hypoxia (N;)
during both contraction induced with norepinephrine (NE) and relaxation induced with acerylcboline
(ACH). Bar graph shows mean ± SEM of 7 artery segments.
Hypoxia did not attenuate contractile responses to high K* to a large extent. Thus, femoral
arteries of chicken embryos, like adult arteries of mammalian species (7). can derive energy from
anaerobic glyeolysis in hypoxic/anoxic conditions. Energy limitations may therefore not be
responsible for the reduction of the contractile response to NE by low oxygen tension.
Many studies in adult species show that hypoxia stimulates the release of endothelium
derived relaxing factors, such as NO (17. 12). prostaglandins (22. 12). and EDHF (19). Removal of
the endothelium did not abolish the hypoxic response in the femoral artery of the chicken embryo.
It should be mentioned that endothelium removal decreased contractions to NE and K* up to 50%.
This could indicate that the denudation procedure damaged the vascular smooth muscle cells.
However, inhibition of NO-synthase and cyclo-oxy, genäse did not blunt the effects of hypoxia.
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Combined depolarization and Ca^-chamd blockade also failed to inhibit the hypoxia-induced
decrease in contraction in arten segments contracted with NH. Thus, the reduction of contractile
force during acute hypoxia does not seem to be caused bv the release of KDRFs like NO.
prostaglandins and hvperpolarizing factors. This is in agreement with studies that demonstrate that
the role of the endothelium in hypoxic relaxation only becomes evident in mature carotid und
cerebral ovine arteries (48). Persistence of hypoxia-induced decrease of contraction in the presence
of Bay-K8644 demonstrates that inactivation of voltage-operated C'a"'-channel is not involved in
the response either.
In previous experiments we have shown that Nh-induced contraction can be blocked by
the apadrenergic antagonist prazosin and that agonists of a.- and ß-adrenergic receptors hu\ e no
significant effects in chicken embryo femoral arteries (18 (chapter 2). 34 (chapter 4)). In the present
study we show that, though nifedipinc severcl) reduced contraction induced bv high K'. almost
60% of NE-induced contraction persisted during depolarization and C'a,-channel blockade. This
indicates that in the chicken embryo, ai-adrcncrgic receptors stimulate contraction at least partly by
pharmaco-mechanical coupling as has been documented for mammalian arteries (3V). This
coupling seems to be more sensitive to low oxygen tension than electro-mechanical coupling
induced by high K'. in adult mammalian arteries ai-adrcnergic contraction involves phospholipaac
C. protein kinasc C. calcium release from intraccllular stores and an increase in calcium-sensitivity
of the contractile apparatus (see review: 32). The relative importance of these processes in arteries
of chicken embryos is currently unknown, but mas be of interest to study since acute hypoxia has
been shown to modulate the |Ca'"j,-force relationship (40. 37. 5) in adult mammalian arteries and
may interfere with the ability of IP, to induce contraction in fetal arteries (2) and possibly with
calcium handling in arteries of neonates (48). Studies in sheep suggest that fetal cerebral arteries
display increased calcium sensitivity compared with those of the adult (20). lric role of calcium
sensitization in contraction induced by depolarization with high K' is proposed to be smaller than
in agonist-induced contraction (29. 39. 45). This could explain why hypoxia in arteries of (he
chicken embryo appears to interfere with pharmaco-mechanical coupling in response to N[- rather
than electro-mechanical coupling stimulated by high K'. The effect of acute hypoxia on calcium
sensitivity in these arteries would therctore be an interesting topic for future research.
While a-adrenergic contraction was partially reduced, acetylcholine-induced relaxation of
chicken embryo femoral arteries was completely abolished by acute hypoxia. We and others have
previously shown that responses to ACH in chicken arteries arc cndothelium-dependent (14. 46)
and. in the femoral artery, are mediated bv the release of cnduthclium-dcrived NO. 1.1)111 and a
factor of which the nature remains to be established (18 (chapter 2)). Hypoxia abolished ACH-
induced relaxation in arteries contracted with K\ Blockade of ACH-induced relaxation during
hypoxia was not due to reduced responsivencss of the vascular smooth muscle cells to NO. at
maximal relaxation to the exogenous NO-donor SNP was unchanged and sensitivity was even
increased. Reduced ACH-induced relaxation during exposure to low oxygen tension has been
described in arteries of adult animals (44. 6) and it has been proposed that oxygen is rate limiting in
the regulation of endothelial NOS. Similar mechanisms seem to play a role m fetal pulmonary (36)
and carotid (43) arteries. As ACH-stimulated cGMP levels in fetal pulmonary arteries decrease
when pO; in the tissue bath is lowered (36) and fetal arteries may be more sensitive to cOMP than
adult arteries (28). it is interesting to note that ODQ. a blocker of guanylate cyclase. completely
blocks relaxation in response to ACH in the femoral artery of the chicken embryo (data not shown).
However, in view of the complexity of endothelium-dependent relaxations in the chicken embryo
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femoral artery, the exact nature of the EDRFs and/or signaling pathways influenced by hypoxia
remains unclear for now.
We show that in isolated femoral arteries contracted with 1 |iM NE and those in which
peri-arterial sympathetic nerve endings were stimulated to release NE. contraction is partly
counteracted by acute hypoxia. This may seem at variance with in vivo findings. However, fig. 5
illustrates that our in vitro findings might be relevant for the hemodynamics in prenatal life in vivo.
In the mammalian fetus an acute decrease in oxygen results in cardiovascular responses involving
an elevation in blood pressure and redistribution of the cardiac output mediated by increased levels
of circulating catccholamines (9. 10). which are released from the adrenals and later in gestation
from the sympathetic nerves (38). During acute hypoxia norepinephrine levels rise from 0.1 (iM up
to 0.8 nM in the chicken embryo (24). a,-Adrenergic stimulation in response to acute hypoxia
resulting in peripheral vasoconstriction has directly and indirectly been shown in the intact chicken
embryo (31. 25). In the intact embryo, the arterial system may not only be exposed to
vasoconstrictors such as NE, but also to a tonic endothelial dilator influence. Vasodilator
substances including cndothelium-derived NO can be released under the influence of shear stress
offered by flow in adult systems (21. I) and it has also been shown to play a role in the fetal
circulation (30, 13). In the experiment shown in fig. 5 we tried to mimic conditions that play a role
during in vivo hypoxemia. namely a-adrenergic stimulation and NO-release. During simultaneous
agonist-induced stimulation of the smooth muscle with NK and of the endothelium with ACH. we
found that hypoxia resulted in contraction. Provided that the effects of low oxygen tension on
agonist-induced endothelium dependent relaxation and those mediated by shear stress involve the
same mechanism, this local contraction might contribute to the hemodynamic response to
hypoxemia. **
It is interesting to note that the effects of acute hypoxia on isolated arteries of the chicken
embryo do not seem to be very different from those observed in arteries of adult animals. However,
since in vivo fetal pO; is low. a small reduction in oxygen levels may directly influence vascular
tone, furthermore, as mentioned, certain signal transduction pathways that are potential targets
during acute hypoxia may be relatively more important in fetal arteries than in adult arteries (20.
28,2).
In conclusion, hypoxia was found to partially counteract ct|-adrenergic contraction and
to inhibit cndothelium-dependent relaxation in femoral arteries of the chicken embryo. The net
result of these local direct effects may contribute to the peripheral arterial response to acute
hypoxemia in the chicken embryo.
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Abstract
Epidemiological findings suggest an association between low-for-age birth weight and
the risk to develop coronary heart diseases in adulthood. During pregnancy, an imbalance
between fetal demands and supply may result in permanent alterations of neuroendocrine
development in the fetus. We evaluated whether chronic prenatal hypoxia increases arterial
sympathetic innervation.
Chicken embryos were maintained from 0.3 to 0.9 of the 21 -day incubation period under
normoxic (21% O]) or hypoxic conditions (15% O:). At 0.9 incubation, the degree of
sympathetic innervation of the embryonic femoral artery was determined by biochemical,
histological, and functional (in vitro contractile reactivity) techniques. Chronic hypoxia
increased embryonic mortality (32% versus 13%). reduced body weight (21.9±0.4 versus
25.4±0.6 g). increased femoral artery norepinephrine (NE) content (78.4±9.4 versus 57.5+5.0
pg/mm vessel length), and increased the density of periarterial sympathetic nerve fibers
(I4.4±O.7 versus 12.510.6 counts/10' urn"). Arteries from hypoxic embryos were less sensitive
to NH (pDj. 5.9910.04 versus 6.2110.10). In the presence of cocaine, however, differences in
sensitivity were no longer present. In the embryonic heart. NE content (156.9111.0 versus
108.1114.7 pg/mg wet wt) was also increased after chronic hypoxia.
In the chicken embryo, chronic moderate hypoxia leads to sympathetic h>perinnervation
of the arterial system. In humans, an analogous mechanism may increase the risk for
cardiovascular disease in adult life.
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There is now substantial evidence that small size at birth is linked with a higher
prevalence of cardiovascular and metabolic diseases in adult life (3. 2). The mechanisms are
unknown, but evidence from animal studies and preliminary evidence in humans suggest that an
imbalance between fetal demands and supply leads to an adaptive series of stress responses that
appear to permanently alter neuroendocrine development (17). Hffects of maternal malnutrition
on the fetal adrenocortical system have been addressed to some extent (25). We sought to
determine whether prenatal hypoxemia interferes with the development of the cardiovascular
sympathetic innervalion.
In fetal mammals, acute hypoxia induces a redistribution of cardiac output from the
periphery to vital organs such as adrenals, brain, and heart (13. 12) Direct hypoxia-induccd
release of adrenal catecholamines(CA) participates in this acute fetal cardiovascular response.
Prolonged periods of hypoxia may stimulate the expression of tyrosine hydroxylase (Til), the
rate-limiting step in CA synthesis (18). as has also been shown in adult animals (31). l"hts
enzyme is essential for fetal development as knock-out mice die in utero at mid-gestation from
cardiovascular failure (44). We hypothesize that chronic fetal hypoxiu. besides stimulating
adrenal CA release and synthesis, also promotes the growth and development of CA-producing
autonom ic nerves in the immediate vicinity of their cardiovascular effector tissues.
Findings in spontaneously hypertensive rats (SHK) indicate that once established,
sympathetic hyperinncrvation of the cardiovascular system persists throughout life and leads,
after a substantial delay, to the functional, structural, and hemodynamic characteristics of
hypertension such as increased peripheral resistance, cardiovascular hypertrophy, and high
blood pressure (26. IS. 7). In humans, high blood pressure involves the cardiovascular
sympathetic nervous system and is a well-known risk factor for coronary heart disease (IU).
which was found to be associated with small for age birth weight (3. 2).
In avian embryos, unlike in mammalian species, direct effects of chronic hypoxia can be
analyzed in the absence of restricted nutrient supply and maternal or placental hormones. In the
chicken embryo, a widely used developmental biological model, the cardiovascular effects of
acute hypoxia mimic those seen in a broad variety of mammalian fetuiei (41. 29). and isolated
organ techniques can be used that aim at perivascular autonomic nerves (28 (chapter 2)).
In the present study, we tested the hypothesis that prenatal chronic hypoxia stimulates
the development of sympathetic nerves in the peripheral arterial system. Chicken embryos were
maintained from 0.3 to 0.9 incubation in 21% or 15% O;. and the presence and function of
sympathetic vasomotor nerves were evaluated in femoral arteries with the use of biochemical,
histological. and pharmacological techniques.
Materials and methods
Experiments were performed in accordance with Dutch law for animal experimentation.
Fertile Lohman-selected White Leghorn eggs (*t Anker. Ochten. NL). incubated at 38*C and
relative air humidity of 60%. were transferred on embryonic day 6 to an incubator (Salvis
Biocenter 2001) maintained at an oxygen level of 21% or 15% (X On embryonic day 19 of the
21-day incubation. 75 uL of blood was obtained from a vessel of the chorioallantoic membrane
to determine hematocril values as an index of chronic hypoxemia. The embryo was removed
from the egg. immediately decapitated, and weighed. Arteries and/or organs were isolated for
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detcrminatioti of arterial reactivity, arterial structure, nerve density-, norepinephrine (NE)
content, and organ (wet) weights.
Ü!*; sets
Two-millimeter segments of the right femoral artery were mounted (steel wires,
diameter 40 (im) in a myograph organ bath (model 610.Danish Myotechnology by J.P. Trading.
Denmark) tor isometric force measurement. Organ baths were filled with a Krebs-Ringer
bicarbonate buffer, maintained at 37°C. and aerated with 95% O: and 5% CO;. The arterial
segments were stretched until maximal contractile responses to 63 mmol/L potassium solution
were achieved (optimal diameter). Concentration-response curves for NE (10"* to 10* mol/L.
half log units) were constructed in the presence and absence of cocaine (1 umol/L). a blocker of
neuronal uptake of Nli. Responses to nerve stimulation were tested with the use of electrical
field stimulation (EFS. 0.25 to 32 Hz), which was previously shown to activate periarterial
nerves of the chicken embryo femoral artery and to result in adrenergic nervous contractile
responses (28 (chapter 2)). bndothelium was shown to be intact, as acetylcholine induced almost
complete relaxation in femoral arteries of hypoxic and normoxic embryos (86.2±2.5% and
87.0±2.1% relaxation, respectively). Responses to acetylcholine have been shown by us to be
completely endothcliurn dependent in chicken embryos (28 (chapter 2)).
At the end of the experiments, vessel segments were fixed in the organ chamber in
phosphatc-butiered formaldehyde (4%. pli 7.4. 37°C. 30 minutes) for subsequent morphometric
analysis.
Cross sections (4 urn thick) of vessels were stained with Lawson solution, and media
cross-sectional area, media thickness, radius, and wall/lumen ratio were determined as
previously described (37). Video images were generated by a Zeiss Axioscope and standard
CCD camera (Stemmer) and were analyzed with commercially available software (JAVA 1.21.
Jandel Scientific). 1*TO3<M*<I V» te«ns wsn :.;« ; v-.fKKM*.
.S'/a/ni'ng q/prr/vascw/ar nervu
Whole mount preparations of femoral artery segments were incubated, while in the
organ bath, in 2% glyoxylic acid and 10% sucrose in phosphate buffer for 10 minutes at room
temperature. Aller this, the segments were air-dried (90 seconds), stretched at 100°C for 4
minutes, and enclosed with entellan and a coverslip. Glyoxylic acid-induced fluorescence was
visualized with fluorescent microscopy (microscope objective Fluo lOx. Nikon Diaphot. BA
470-DM 455 filter. Nikon FE2 camera). Nerve density was quantified by counting intersections
of nerve fibers with a Merz grid (distance 50 urn. radius 35 um) within a selected area of the
image (42).
tf£ and DM* comenf
Right femoral artery, right carotid arten' segments, and heart were solubilized in 0.5
mol/I. acetic acid (15 minutes. 100°C). NE content of the extract was measured by high-
performance liquid chromatography and fluorescent detection (38). after which the tissues were
solubilized in IN KOH (24 hours, room temperature) and DNA content was determined (23).
Unlike for NH. the levels of dopamine and epinephrine were below detection limits in the
embryonic arteries and heart. NE levels were expressed relative to arterial segment length or
cardiac wet weight. . „
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Krebs-Ringer bicarbonate butler contained (in mmot/L): NaCl 118.5. MgSCi
1.2. KHjPO* 1.2. NaHCO, 25.0. CaCl; 2.5. and glucose 5.5. A 60 mmol/L K' solution
prepared by replacing part of the NaCI by an equimolar amount of KCI. Phosphate-buffered
solution consisted of 0.1 mol/L NaH;PO< H;O and 0.1 mol/L Na;HPO< 2H.O. Artcrenol
bitartrate (norepinephrine) and cocaine hydrochloride were obtained from Sigma Chemical Co,
isoproterenol hemisulfate hydrate from ICN Hiomedicals Inc. Lawson solution from Boom b.v.,
and acetylcholinc from Janssen Chimica. Agents were dissolved in distilled water.
Sensitivity to NE (expressed as pD; |-log FCv>|) and nerve stimulation were determined
for each artery by fitting individual concentration-response data to u nonlinear sigmoid
regression curve and interpolation (Graphpad Prism version 2.01. Graphpud Software Inc). pDj
values of arteries of normoxic embryos were compared with those of hypoxic embryos. Maximal
responses ( E » ) to NE and EFS for each artery were expressed in terms of active wall tension
(N/m). The effect of cocaine was calculated as the difference between pi); for Nl: in the
presence and absence of cocaine (ApD;). Differences between findings in normoxic and hypoxic „
embryos were tested with Student's t test or Mann-Whitney U test when normality test
(Kolmogorov-Smirov) failed. A value of P<0.05 was considered statistically significant. Data
are presented as mean±SEM.
Results
' . . • " • • • • ? * •
Exposure of chicken embryos to 15% O; from 0.3 to 0.9 incubation reduced embryonic
survival (68% versus 87%). In the surviving embryos, the hematocrit was significantly increased
(34.611.2% versus 3O.O±I.8%) and body weight was significantly reduced (2l.9±0.4 vertu«
25.410.6 g). Unlike kidney, liver, and heart weight, relative brain weight was not reduced after
chronic hypoxia. Instead, the relative brain weight and brain-to-liver ratio were significantly
increased in chicken embryos chronically exposed to low oxygen tension (table 1). . ,„,_, . ~


































































HI - honatocrit; m e n ± SEM; • K0-03 •• P < O01. t P<a001
A 36% increase m NE content was observed in femoral arteries of hypoxic chicken
embryos (78.419.4 versus 57.515.0 pg NE/mm vessel length), though the difference failed to
reach significance (P=0.08). In the heart, chronic exposure to hypoxia resulted in a significant
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increase of 45% (156.9±11.0 versus 108.1±14.7pg NEAng wet weight), but NE content was not
altered in carotid arteries (fig. 1). Chronic hypoxia did not modify DNA content of embryonic
femoral arteries (0.37910.02 versus 0.350±0.03 ug/mm vessel length), carotid arteries
(0.334±0.02 versus 0.314±0.03 ug/mm vessel length), and heart (3.11±0.07 versus 3.07±0.12
ug/mg wet wt). Neither were media cross-sectional area (16.211.3 versus 16.211.1 lO^ urn*),
lumen radius (24515 versus 25014 urn), or medial thickness (10.310.7 versus 10.210.7 urn) of
the femoral artery changed by prolonged exposure to low oxygen tension.
In embryonic femoral arteries, chronic hypoxia not only increased NE content but also
the density of catecholaminc-containing perivascular nerves (fig. 2). Quantitative analysis of
whole mounts, stained with glyoxylic acid, indicates that chronic hypoxia significantly increased



















Fig. I. NE content in femoral arten,, carotid arten, and heart of normoxic (open bars) and hypoxic (filled
bars) chicken embryos. Values are meanlSKM (n=17-21). **P<0.01.
Table 2 summarizes contractile reactivity of femoral artery segments isolated from
chicken embryos exposed to 15% O: and control embryos (21% O;). The arterial preparations
contracted in vitro in response to high potassium solution and to exogenous NE. Maximal
responses to these vasoconstrictor stimuli were not significantly modified after chronic hypoxia.
Sensitivity toNE was. however, significantly smaller in vessels from hypoxic embryos (table 2
and fig. 3). Cocaine, an inhibitor of the neuronal reuptake of NE. increased the sensitivity of the
arterial preparations to exogenously supplied NE. In the presence of cocaine, the sensitivity to
NE no longer differed between arteries of hypoxic and control embryos (table 2 and fig. 3.
suggesting that the sensitizing effect of cocaine was larger in femoral arteries of hypoxic
embryos compared with controls (ApD2. 0.5410.06 versus 0.3710.06). The difference failed to
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reach statistical significance (P=0.06). The ß-adrenergic agonist isoproterenol (3 umol/L)
induced onl> marginal relaxation in K'-precontracted femoral arteries, lliis cll'cct did not differ
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contractile response to 60 mM K"; NE E » " maximal rwpooM to I
EFS = electrical field stimulation; EFS E_= maximal reapontc to etosbioal Bald stimulation; Meant ±
SEM. * P<0.05.
Maximal responses to EFS did not significantly differ between arteries of hypoxic
embryos and control (1.45±O.I0 versus 1.21±0.09 N/m). The frequency required it) induce 50%
of the maximal response to nerve stimulation was significantly higher in arteries of hypoxic
embryos compared with controls (4.44±0.85 versus 1.94±0.58 Hz). This indicates thut ulthough
NE content and nerve density in femoral arteries of hypoxic chicken embryos were increased,
sensitivity to the constrictor effect of periarterial nerve stimulation was decreased, lliis is in line
with the observed reduction of the arterial sensitivity to exogenously applied Nil.
Discussion
The present study shows that in chicken embryos, chronic moderate hypoxia increases
arterial sympathetic innervation. Exposure of chicken embryos to 15% instead of 21% O:
increased embryonic mortality, suggesting an imbalance between embryonic oxygen demand
and availability. In the surviving embryos, thehematocrit «as significantly increased even at 0.9
incubation, indicating that moderate embryonic hypoxemia was chronically maintained. The
observed reduction of total body weight after chronic hypoxia is in agreement with studies of
babies bom at high altitude (I) and with experimental animal studies (19. 20). which have
pointed out the growth inhibiting effects of prolonged hypoxemia. The hypoxia-induced
embryonic growth retardation was accompanied by an increase in relative brain weight and
brain/liver ratio, suggesting disproportionate growth. The sparing effect on a vital organ such as
the brain may be in line with the acute hypoxia-induced redistribution of cardiac output that we
previously observed in the chicken embryo (41. 29).
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Fig. 2. Typical examples of perivascular sympathetic nerves stained with glyoxylic acid in femoral artery
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Kig. 3. Contractile responses (AWT. active wall tension) to exogenous NE in isolated femoral artery
segments of normoxic and hypoxic chicken embryos. Before (left) and after (right) cocaine. Values are
meantSEM. • P<0.05 (for entire concentration-response curve). . . ^ — . ,
The findings in chicken embryo femoral artery indicate that chronic hypoxia increased
poriarterial sympathetic innen ation. After exposure to 15% O:. NE content, sympathetic nerve
fiber density and cocaine-sensitive neuronal uptake of NE were increased in these arteries. The
increase in sympathetic fiber density, which averaged 13%. represents a neurotrophic response, v.
Though differences were not statistically significant, arterial NE content also appeared to be
increased by chronic hypoxia. This is in line with reported effects of low oxygen tension on the
expression of TH through binding of hypoxia-inducible factors to the promoter sequence of the
TU gene (18. 3H. This mechanism, though not completely established in the fetus, leads to
increased Nl; synthesis. Increased NE levels may be accompanied by an increase in the number
of adrenergic varicosities. as suggested by the increased neuronal reuptake of NE. We propose
that hxpoxia-induced redistribution of cardiac output from the periphery to vital organs in the
embryo and fetus is ultimately maintained by stimulation of the peripheral sympathetic nerve
Aftparin. Ti iiy a«*itfr »wmwriuit w l»r t*ir*m «>rw» f S3
development after hypoxia-induced release of adrenal NE and upregulatkm of
hydroxylase. The mainicnancc of cardiac output redistribution may also result ^tk
disproportionate growth. * i i /t^tr**^---;««** »«•>?>*•>': **fe *i>qs*o*tf«<w» v-fe»*»**
Interesting!\. in fetal llama, a species adapted to the chronic hypobaric hypoxemia of
pregnancy at altitude, peripheral \ asoconstrictiun in response to acute h>poxia is 4 to 5 times
greater than in fetal sheep and is mediated by ct-adrenoccptors. ITiough the mechanism behind
this enhanced a-adrenergic response is not yet known, increased peripheral sympathetic
innovation may play a role (12).
••''!• Despite biochemical and histological signs of sympathetic hypcrinncrvalion. the
adrenergic \asoconstrictor responsiveness of chicken embryo femoral arteries was nol reduced
after chronic hypoxia. Arterial sensitivity to exogenous NE was normal i/*d when neuronal
reuptake of NE was pharmacologicall) blocked with cocaine. Although we did nol test this, the
reduced sensitivity to sympathetic nerve stimulation may also be the consequence of enhanced
neuronal reuptake of NE. In the adult, it is well established that chronic exposure to high
concentrations of catechol amines results in desensiti/ation and downrcgulation especially of |J-
adrenoceptorsand their signal transduction pathways (34. 14). Differences in the chronic control
of adrenergic function have, however, been observed between aduli and developing individuals.
During developmental innervation and synaptogenesis. agonist-induced uprcgulution of
adrenoceptors rather than dovvnrcgulation has been observed (43). Furthermore, the chronic
regulation of innervated arterial postjunctional ai-adrenoceptors may dillcr from thai of ß-
adrenoceptors (36).
Whereas perivascular sympathetic nerves have been implicated in the proliferation and
differentiation of arterial smooth muscle cells (for review see Reference 8). arterial structural
consequences of hypoxia-induced sympathetic hyperinnervation were limited in chicken embryo
femoral artery investigated at Ü.9 incubation. Media cross-sectional area and arterial lumen
diameter were not modified: neither was arterial DNA content. Arterial structural consequences
of increased peri arten al sympathetic nerve density may require more time to develop.
Signs of hypoxia-induced sympathetic hyperinnervation were not restricted to the
chicken embryo femoral artery. Also, the heart exhibited a 45% increase in NE content. In the
chicken embryo, carotid artery hypoxia-induced changes were not observed, possibly because of
low innervation density of this vessel (28 (chapter 2)).
Several questions remain to be addressed. Is sympathetic nerve development accelerated
or increased by hypoxia? Does the effect persist during postnatal development under normoxic
conditions? What are the ultimate structural and functional cardiovascular effects? As regards
the underlying molecular mechanism, several candidates may be considered. Growth and
differentiation of peripheral sympathetic nerves and the production of target-derived nerve
growth factors can be stimulated by low oxygen tension, catecholamines (40). and
glucocorticoids (II). The direct oxygen sensitivity of the immature adrenal gland (35) may link
adrenal function to sympathetic nerve development through circulating catecholamines and
glucocorticoids. We chose the chicken embryo to address the effects of prenatal hypoxia on
sympathetic nerve development to avoid influences of fetal malnutrition and of maternal and
placenta) hormones. In mammals, an imbalance between fetal demands and supply will of
course not be restricted to oxygen. It will therefore be of interest to verify in the chicken embryo
whether malnutrition, for instance, by removal of part of the ovalbumin (16). interferes with the
observed hypoxia-induced hyperinnervation. Verification of the concept in mammalian
situations of uteroplacental insufficiency will also be of interest.
During human pregnancy, important alterations in maternal renal and cardiovascular
function develop. Blood flow changes markedly, especially in the uterine circulation. To
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accommodate an increasing fraction of the increasing cardiac output, the uterine arterial bed
dilates and remodels extensively during pregnancy (30). Flow-induced vasodilation and outward
arterial remodeling are endothelium-dependent processes (21.5. 24). Preexisting and pregnancy-
induced hyperlipidemia. hypertension, diabetes, and preeclampsia are accompanied by
"endothelial dysfunction" (39. 33. 4. 22). which may blunt dilation and remodeling, thereby
altering the balance between maternal supply and fetal demands of oxygen and adversely
affecting intrauterine fetal growth and possibly stimulating fetal peripheral cardiovascular
sympathetic nerve development. In the pathogenesis of cardiovascular diseases, increased
density and hypcractivity of the sympathetic nervous system play an important role. In SHR.
most evidence indicates a pivotal role of early sympathetic hyperinnervation in the later
development of high blood pressure (26. 15, 7). In SHR pups, the expression of nerve growth
factor is increased (V). hyperinnervation precedes the development of hypertension (26). and
neonatal sympathectomy prevents hypertension (27). Also, in essentially hypertensive humans,
increased spillover of N£ into plasma and electrophysiological evidence of increased
symputhetic nerve firing rates are in line with an important role of the sympathetic nervous
system, but quantitative information on nerve density is lacking (10). Also, in insulin resistance,
an important role of chronic sympathetic hypcractivity has been proposed (6. 32). High blood
pressure and insulin resistance markedly increase the risk for coronary heart disease, which
occurs most frequently in individuals with a low-for-age birth weight (3. 2). We propose that a
prolonged moderate reduction of maternal oxygen supply interferes with fetal growth and
stimulates peripheral cardiovascular sympathetic nerve development. The persisting elevated
sympathetic nerve density leads in the long run to an increased risk for cardiovascular diseases.
In summary, we observed that in the chicken embryo, chronic moderate hypoxia not
only results in disproportionate growth but also leads to increased sympathetic innervation of
peripheral arteries. This sympathetic hyperinnervation may increase the risk for cardiovascular
disease.
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EFFECTS OF PROTEIN MALNUTRITION ON
ARTERIAL STRUCTURE AND ARTFRIAL
SYMPATHETIC INNERVATION OF THE CHICKEN
EMBRYO




Sub-optimal conditions during prenatal life may persistently alter fetal neurohumoral
mechanisms that affect cardiovascular morbidity and mortality in the adult. We evaluated in the
chicken embryo whether protein malnutrition modified features that are involved in
cardiovascular disease, namely structure and sympathetic nervous innervation of peripheral
arteries.
Protein malnutrition was induced by removal of 10% of the albumen content of eggs of
the While Leghorn on day 0. Experiments were performed on embryonic day 19. Protein
malnutrition reduced embryonic weight (19.4±0.5g vs. 22.7±0.6g), while relative brain weight
was increased (3.83±O.O8% vs. 3.47±O.O7%). isometric force measurements showed that
contractions of the isolated femoral artery to 63 mM K' were decreased by protein malnutrition
(1.27±O. I IN/m vs. 1.72±0.10N/m). However, maximal contractions and sensitivity to
norepinephnne (NF.) and electrical stimulation of peri-arterial nerves (EFS) were not altered
(NE. E « : l.82±O.I5N/m vs. 2.09±0.l6N/m. pD;: 6.25±O.1O vs. 6.27±0.08. EFS. E w
I.IO±O.I7N/m vs. 1.39±0.09N/m. frequency resulting in half maximal contraction: 2.19±0.22Hz
vs. 3.45±O.86Hz). Crosscctional area (1332711718unr vs. 13OI3±972um-) and thickness
(8.66±l.0tyim vs. 8.8?±O.72um) of the arterial media were not changed by protein malnutrition.
Blockade of neuronal rcuptake of NE with cocaine increased sensitivity to NE: this effect was
comparable in arteries of embryos exposed to protein malnutrition and sham controls (ApD;:
0.43±O.O8 vs. ().43±O.IO). The density of nerve fibers in the femoral artery was not modified by
protein malnutrition either (12.7±0.8xl0Vm' vs. 12.6±O.3xl0Vm").
These data show that protein malnutrition induces embryonic growth retardation, but
does not alter structure or parameters of sympathetic innervation of the femoral artery' of the 19
days old chicken embryo. This indicates that effects of fetal protein malnutrition on arterial
sympathetic innervation do not provide the mechanistic link between intrauterine growth
retardation and cardiovascular disease in adult life.
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Adverse conditions during development mav induce persistent adaptive i
increase the risk for morbiditv and mortality in the adult individual. ITiis has been
demonstrated by epidemiological studies showing that reduced fetal growth and the i
low birth weight may predispose to cardiovascular disease in later life (4.2,17).
Changes that take place during adv crse conditions in utero may involve
placental activity of 11-ß-hvdroxysteroid denydrogenase type 11 with overexpoaure i
to glucocorticoids as a result (14. for review 28). resetting of the HPA-axis (36. 23 K reduced
nephron numbers (29. 33). changes in the activity of components of the renin-ungiotenain
system (48) and modified arterial function (24. 35).
However, other candidate mechanisms to explain the fetal programming of adult
cardiovascular disease can be considered. Sympathetic hyperinnen ation is on important feature
of cardiovascular disease (review (26)). In both human (10) and animal studies, hypertensive
subjects show signs of sympathetic hyperinnen ation. In comparison with normotensivc animals
small arteries of young SHR exhibit elevated norepinephrine contents (8). increased responses
to electric field stimulation and norepinephrine (7) and more dense innen alion (30) at u time
when blood pressure is not yet elevated. Changes in sympathetic innenation of the
cardiovascular system mav not be easily corrected by age. Moreover, sympathetic pcrivosculor
nerves and norepinephrine have been suggested to influence growth, proliferation und
differentiation of vascular smooth muscle cells and thereby possibly vascular resistance
(reviews 3. 21. 6). These adaptations may. when affected during intrauterine stress, have
detrimental consequences for cardiovascular function in adult lite.
Growth is limited when substrates or energy are lacking. This situation can be
encountered under circumstances such as undemutrition. hypoxemia or a combination of both
(placental insufficiency). Many studies have focusscd on malnutrition bv studying the eflcct of
interference with maternal nutrition on cardiovascular properties of the offspring. Some
epidemiological work indeed suggests that maternal undemulrition is associated with chronic
heart disease (38) and risk factors for cardiovascular disease (review 39). In experimental
animal studies, restriction of maternal food intake and proteins in particular (5) leads to
hypertension in the offspring (29. 48. 35.9, 45).
In search of a mechanism that may link fetal growth retardation to cardiovascular
diseases in adult life, we use a model in which we can investigate fetal malnutrition without
placental and direct maternal influences, which is not the case in the above mentioned studies in
mammalian species. Furthermore, we have previously demonstrated that another stress
situation, namely chronic moderate hypoxia. not only reduces body weight, but also increases
arterial sympathetic innenation in the chicken embryo (41 (chapter 4)). As lack of nutrients,
like reduced oxygen availability, may interfere with growth, it is possible that it also has an
effect on cardiovascular development. We therefore studied the effects of protein malnutrition
on arterial structure and parameters of arterial sympathetic innenation in the chicken embryo.
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Experiments were performed in accordance with Dutch Law for animal
experimentation.
The total albumen content of eggs of White Leghorn chickens was determined using the
methods described by Hill et al. (22). Eggs (n=l8) were boiled and the albumen was separated
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from the yolk and weighed. A graph was constructed showing the relationship between the egg
weight and total albumen weight. A new set of eggs was used for the in vitro studies and protein
malnutrition was induced at day 0 (n=88). With a sterile needle (18G) a hole was made in the
eggshell (at the pointed end of the egg) and 10% of the estimated albumen content was carefully
extracted from the egg to induce protein malnutrition. In another set of eggs a hole was made
without albumen reduction to serve as sham controls (n=45). Holes were sealed with
cyanoacrylate (RS components. Corby. UK). The eggs were incubated at 38 °C and 60-70%
relative air humidity. They were automatically turned every hour.
()n embryonic day 19 of the 21-day incubation period embryos were removed from the
egg and immediately decapitated. All embryos that were exposed to protein malnutrition and all
sham controls were weighed. Organs were isolated to determine organ wet weight. Isometric
force measurements were performed in segments of femoral arteries. These segments were also
used for morphometric analysis. Ine remaining part of the femoral artery was used to determine
arterial DNA content. Peri-arterial nerve density was also estimated in arteries from protein
malnutrition and sham control embryos.
Two mm segments of the right femoral artery were mounted (steel wires, diameter 40
Urn) in a myograph organ bath (model 6I0M. Danish Myotechnology by J.P.Trading. Denmark)
for isometric force measurement. Organ baths were filled with a Krebs-Ringer bicarbonate
butler, maintained at 37 "C and aerated with 95% O; and 5% CO;. The arterial segments were
stretched until maximal contractile responses to 63 mmol/L potassium solution (K*) were
obtained (= optimal diameter). Increasing concentrations of NE (10* to 10'* mol/L. half log
units) were added to the organ bath and concentration-response curves were constructed in the
absence and presence of cocaine (I jimol/L). a blocker of neuronal uptake of NE. Responses to
nerve stimulation were tested using electrical field stimulation (EFS: 0.25 - 32 Hz), which was
previously shown to stimulate periarterial sympathetic nerves of the chicken embryo femoral
artery and a,-adrenoceptor mediated contraction (31 (chapter 2)). At the end of the experiments,
vessel segments were fixed in the organ chamber in phosphate-buffered formaldehyde (4%,
pH=7.4.37 °C\ 30 minutes) for subsequent morphometric analysis.
Mvp/iwwfrv
l.awson solution was used to stain 4 |im thick cross-sections of femoral arteries. Media
cross-sectional area (CSA). media thickness (Mt). radius (r) and wall/lumen ratio (W/L) were
then determined as previously described (44). Video images were generated by a Zeiss
Axioscope (Zeiss. Germany) and standard CCD camera (Stemmer. Germany) and commercially
available software (JAVA 1.21. Jandel Scientific. Corte Madera. CA. USA) was used for
subsequent analyses. . , . , . „ , , . , . , , . ,„„ . . . . ., , ,. ,...
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Peri-arterial sympathetic nerve density was determined as described previously (41
(chapter 4)). In short, femoral artery segments were incubated, while in the organ bath, in 2%
glyoxylic acid and 10 % sucrose in phosphate buffer (10 minutes, room temperature). Segments
were air-dried (90 seconds), stretched (4 minutes. 100 °C) and enclosed with entellan and a
ooversiip. Glyoxylic acid-induced fluorescence was visualized using fluorescent microscopy
(microscope objective Huo lOx. Nikon Diaphot. BA 470-DM 455 filter. Nikon FE2 camera).
Intersections of nerve fibers with a Merz grid (distance 50 UJTI. radius 35 UJTI) within a selected
area of the image were counted to determine nerve density'.
fWttrm wafawnrkw awrf^twnfr/jaiw» WnwBMfftrrir iwna to i I «3
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Right femoral arteries were solubilized in I N KUH (24 h. room temperature) to
determine their DNA content as described previously (41 (chapter 4)). DNA levels were
expressed relative to arterial segment length.
Krebs-Ringer Bicarbonate buffer (KRB) contained (in mmol/L): NaCl. 118.3:
MgSOWH;O. 12: KHiPO*. 1.2; NaHCO,. 25.0: CaCI;. 2.5; glucose. 5.5. A K' solution of 63
mmol/L was prepared by replacing part of the NaCl by an equimolar amount of KC'I Phosphate
buffered solution consisted of 0.1 mol/l. NaH:P(VH;O and 0.1 mol/1. Na;l lP(V2IU).
Arterenol bitartrate (norepinephrine) and cocaine hydrochloride were obtained from Sigma
Chemical Co (St. Louis. MO). Lawson solution from Boom b.v. (Mcnpel. The Netherlands).
Stock solutions of these agents were prepared in distilled water.
Sensitivity to NE (expressed as pD; (= -log ECv>))and no Ac stimulation (expressed as
the frequency at which half maximal contraction was achieved) were determined for each artery
by fitting individual concentration-response data to a non-linear sigmoid regression curve and
interpolation (Graphpad Prism version 2.01. (rraphpad software Inc. San Diego. CA). pD»
values of arteries of embryos exposed to protein malnutrition were compared with those of
sham controls. Maximal responses ( E « ) to NE and EFS for each artery were expressed in
terms of active wall tension (AWT. N/m). The effect of cocaine was calculated as the difference
between pD; for NE in the absence and presence of cocaine (=ApD;). Statistical significance of
differences between findings in malnourished and sham control embryos were tested with
Student t-test or Mann-Whitney U-test when normality test (Kolmogorov-Smimov) failed
(Sigma Stat 2.0. Jandel Scientific). P<0.05 was considered statistically significant. Data arc
presented as mean ± SEM.
R e s u l t s '' • •*''
Removal of 10% albumen at day 0 resulted in reduced survival (56% vs. 80%. P-0.03)
and a significant decrease of embryonic body weight at day 19 of the 21 day incubation
(19.4±0.5g vs. 22.7±O.6g. n=49. n=36. P<0.001. table I). Relative brain weight of embryo» that
were exposed to protein malnutrition was larger compared to brain weights of sham controls
(3.83±O.O8% vs. 3.47±0.07%. n=40. n=29. P=0.002, table 1). Relative weights of heart and
kidney were not modified (1.0010.03% vs. 1.0010.03%. n=48. n=33. P-0.95. 0.4410.02% vs.
0.4410.02%. n=45. n=32. P=0.98. table 1). Relative liver weight was increased (2.7010.07% vs.
2.4910.06%. n=40. n=29. P=0.04. table I). Brain to liver ratio was comparable between the
group of embryos exposed to protein malnutrition and the sham control group (1.4410.04
vs. 1.4110.5. n=40. n=29. P=0.59. table 1).
Protein malnutrition did not alter optimal diameters of femoral arteries (461±IOum vs.
46518>im. n=17. n=15. P=0.78). but decreased maximal contraction» induced by 63 mM K*
(1.2710.IIN/m vs. I.7210.10N/m. n=17. n=15. P=0.006. fig. 1). Maximal responses to
exogenous norepinephrine (1.82±0.15N/m vs. 2.09±0.16N/m, n-11, n=9. P=0.24. fig. 1) and
electrical stimulation of peri-arterial nerves (1.1010.17N/m vs. 1.3910.09N/m. n-8. n»7.
P-0.18, fig. 1) w o e not significantly reduced.
body weight (g)
heart (% body-weight)
kidney (% body weight)
liver (% body weight)




























mean«! SEM;» P<0.05 •• P<0.01. /P<0.001
Sensitivity to norepinephrine and electrical nerve stimulation was evaluated in arteries
of embryos exposed to protein malnutrition and in sham controls, but no differences were
observed (pt>:NE: 6.25±0.10 vs. 6.27±0.08. n=ll, n=9, P=0.88. fig. 2. frequency at which half
maximal contraction is observed: 2.19±0.22Hz vs. 3.45±0.86Hz. n=8. n=7. P=0.16). Both
femoral arteries of malnourished embryos and of sham controls responded to treatment with the
neuronal NT1 reuptake inhibitor, cocaine, with an increase in sensitivity to NE (pD; NE:
6.68±O. 12 vs. 6.7(>±O. 13. n= 11. n=9. fig. 2). The effect of cocaine was comparable in the protein
malnutrition and shum control group (ApD.: 0.43±0.08 vs. 0.43±0.10, n=l 1. n=9. P=0.98).
Medial cross-sectional area (1332711718nm" vs. 13013±972nm-. n=12. n=l 1. P=0.88),
mediu thickness (8.66±I.06nm vs. 8.85±O.72nm. n=12. n=l 1. P=0.89) and wall to lumen ratio
(0.037±0.004 vs. 0.03910.0037) did not differ between vessels of embryos exposed to protein
malnutrition and sham control embryos. There were no differences in DNA content of the
femoral arteries (0.394±0.02 vs. 0.36910.02 ng/mm vessel length) of the two groups.
Glyoxylic acid staining revealed peri-arterial sympathetic nerve fibers. Quantification
showed that peri-arterial nerve density of femoral arteries was not different between embryos
exposed to protein malnutrition and sham controls (12.7i0.8xl0Vm* vs. 12.6iO.3xlO^ujn').
Discussion
In this study we show that protein malnutrition achieved by removal of 10% of the
albumen induces growth retardation, but does not alter structure or sympathetic innervation of
the femoral artery of the 19 days old chicken embryo.
The eggs of chickens contain yolk and albumen. The albumen mainly contains water
and amino acids, which are used by the developing embryo for whole-body protein synthesis
and growth (12. 34). Extraction of albumen from the egg at the start of incubation reduces total
embryonic weight towards the end of incubation (22. 12) and affects whole-body protein
synthesis and growth from day 12 onwards (34). The intervention particularly affects the period
of rapid growth at the end of incubation. It has been suggested that it is the lack of proteins
during development rather than a caloric restriction, which is particularly effective in increasing
postnatal blood pressure (5). Taking this in to account, the model we use can interfere with
rapid embryonic growth and may also have an effect on cardiovascular development.
Embryos that underwent the intervention were compared with sham controls, as making
a small hole in the eggshell has been shown to induce changes in embryonic metabolism, body
weights and organ weights (12). As expected, body weight of the chicken embryos was reduced
by protein malnutrition. Relative brain weight of the embryos exposed to protein malnutrition
was significant!) larger than brain weight of sham control embryos. This suggests that lack of
nutrients muy not equally affect organ systems and that the brain may be spared in the chicken
embryo. Though relative weights of the kidney and heart were unaffected by protein
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malnutrition, relative liver weight of protein-restricted embryos was larger than of sham
controls. This was not obsen ed in 20 day s old chicken enibr, os atter 2t)% renun ul of the
albumen (12). but was demonstrated in 1-day old rat pups after maternal protein restriction (35k
In mammalian systems, limitation of fetal glucose supply has been suggested to result in
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Flj. I. Maximal responses to 63 mM K*. norcpincphrinc (NF) and electrical stimulation of peri-arterial
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Fig. 2. Concentration-dependent responses to i ephrine (NE) in iham controls (open lyrabols) and
embryos thai were exposed to protein malnutrition (closed symbols) in the absence (tquaret) aad
presence (circles) of the neuronal reuptake inhibitor cocamc In absence and pretence of cocaine,
maximal responses and sensitivity to NE do not differ between the sham control n d protein malnutrition
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Ever since there is substantial evidence that fetal growth retardation is associated with
cardiovascular disease in adult life (17). many studies have focussed on maternal undemutrition
as the cause of this fetal programming. Epidemiological studies investigating data from the
Dutch famine suggest that adult risk for coronary heart disease (38) is associated with a reduced
maternal intake of nutrients during pregnancy. Blood pressure in the offspring was found to be
inversely related to maternal protein/carbohydrates intake, but was not influenced by reduced
total caloric intake (37). Another study in human subjects also proposed a role for maternal
balance of protein and carbohydrates in the programming of blood pressure (5).
Many studies in rat (35. 46. 47) and sheep (9) have put forward evidence for a
relationship between maternal diet and high blood pressure in the offspring. However, in some
studies no effect (24) or even fetal hypotension (20) was observed after maternal malnutrition.
Moreover, recent studies propose that exposure to or lack of specific nutrients rather than a
restriction of total diet may induce adaptations that are detrimental for postnatal cardiovascular
function (15. 27).
Fetal growth is not only determined by maternal nutrition, but also by the fetal supply
line. Mosl frequently intrauterine growth retardation is caused by placcntal insufficiency
resulting in a combination of factors, such as hypoxemia and malnutrition. In animal models
this situation can bo mimicked (by umbilico-placcntal emholisation or ligation of the uterine
artery (25. 32)). The combination of prenatal exposure to malnutrition and chronic hypoxia has
been described to increase fetal sympathetic activity and adult blood pressure (23). Using the
chicken embryo as an experimental model enables us to study the effects of malnutrition or
hypoxia on the cardiovascular development separately.
A role for the sympathetic nervous system in the development of hypertension has been
suggested. Both in human hypertensive subjects (10) and in spontaneously hypertensive rats
signs of hyperinnervntion of the arterial system have been demonstrated. Young SHR exhibit
elevated norepincphrinc contents (8). increased responses to electric field stimulation and
norepinephrine (7). more dense innervation (30) and thickening of the media (7. 30) in their
cardiovascular system at a time when blood pressure is not increased. Elevated mRNA levels of
NGF. a growth factor for sympathetic nerves, are found in neonatal SHR (11). Furthermore,
sympathetic perivascular nerves and norepinephrine may stimulate growth and proliferation of
vascular smooth muscle cells and thereby possibly increase the structural basis of vascular
resistance (reviews: 3. 21. 6). These findings suggest that hyperinnen ation arising during
development may persist and may be a causal factor for hypertension and other cardiovascular
pathologies in adulthood. Aging may amplify the functional consequences of increased
sympathetic nervous density (21).
Our group previously showed that chronic hypoxia stimulates arterial sympathetic
development in the chicken embryo (41 (chapter 4)). Others have suggested that uterine artery
ligation or placenta! restriction, which will result in a combination of hypoxia and malnutrition,
increases fetal sympathetic activity (25. 42. 43). It is possible that intrauterine stress situations,
independent of the type of stress, induce increased levels of hormones and growth factors, such
as catecholamines and glucocorticoids (13). which may stimulate growth and differentiation of
peripheral sympathetic nerves. Therefore, we hypothesized that a stress situation, such as
protein malnutrition, might induce the same effects in the chicken embryo as we observed after
chronic hypoxia. However, responses of the femoral artery to exogenous norepinephrine and
electrical stimulation of peri-arterial nerves were not altered by removal of albumen.
Furthermore, neuronal reuptakc of norepinephrine and the density of peri-arterial sympathetic
nerve fibers were not changed by this intervention either, demonstrating that protein
malnutrition docs not increase arterial sympathetic innervation. Arterial structural components.
^orroi aM/mf/rifion am/orrrria/xmtrfurr am/nwyaarfofK'mnrrvarian | 97
as measured by media cross sectional area and thickness and DNA content, were not
significantly changed by protein malnutrition.
The lack of effect of protein malnutrition may indicate that effects on postnatal
cardiovascular function induced by maternal undcmutrition arc the consequence of maternal
metabolic/hormonal adaptations to changed diet rather than fetal nutrient deficit per se. The
impact of maternal nutrition on the fetus is dependent on maternal nutrient uptake, maternal
metabolism and endocrine milieu, uterine and umbilical blood flow and placenta! transfer and
metabolism (18). Therefore maternal malnutrition can not directly be translated to letal
malnutrition. .' '"'**
Alternatively, fetal malnutrition a*jy influence poilMML cpN0W«I^V^ Apotkm via
other mechanisms. Among the mechantans proposed to be farvotv«L aodulkkn of kidney-
associated components and the HPA-axis by malnutrition are most commonly suggested.
Effects of maternal malnutrition on kidney size, nephron number and on the rcnin-ungiolcnsin
system have been described (29. 48). Increased exposure to glucocorticoids via reduced activity
of 11-ß-hydroxysteroid dehy drogenase type II and resetting of the HPA-axis have also been
suggested to be responsible for the increased postnatal blood pressure induced b\ maternal
malnutrition during pregnancy in rats (14. for review: 28). We have not addressed these
mechanisms in this study. Future studies arc warranted to investigate this and the consequences
of exposure to protein malnutrition and chronic hypoxia during embryonic development on
cardiovascular function and structure in chickens after hatching.
Another important issue must be addressed when studying the link between fetal growth
retardation and cardiovascular disease in adult life. Chronic moderate hypoxia in the chicken
embryo does have effects on arterial sympathetic innovation (41 (chapter 4)) and cndothclial
function (40 (chapter 6)) while protein malnutrition does not (this study and 40 (chapter 6».
This may indicate that prenatal exposure to chronic hypoxia may be more detrimental to arterial
structure and function with possible postnatal consequences than protein malnutrition.
Furthermore, both interventions reduce growth, but only chronic hypoxia concomiianlly
affected arterial properties. In accordance with studies in other species (23). this shows that
disproportionate growth retardation per se does not seem to be the cause of the changes in fetal
cardiovascular development.
The only effect of protein malnutrition we did observe in femoral arteries of the chicken
embryo was a reduction in contraction induced by high K'. In 20 days old rats that had been
exposed to maternal malnutrition reductions in arterial contractions were also observed (35). In
contrast to this study, we did not find significant changes in maximal responses to
norepinephrine. Media cross sectional area, media thickness or DNA content were not altered
by protein malnutrition either. It is therefore unlikely that this decrease in contraction i» caused
by reduced numbers or size of vascular smooth muscle cells. As arterial calcium handling
characteristics are subject to developmental'maturationaJ change« (1,49), one can speculate that
protein malnutrition may interfere with this. -„.,..... ,..,,£•* »».„-.."-At ,w;Wvi:? *
In conclusion, we found that protein malnutrition induces growth retardation, but does
not alter sympathetic innenation or structure of the femoral artery of the 19 days old chicken
embryo. This implies that the mechanistic link between in trauten ne growth retardation and
cardiovascular disease in adult life is not provided by effects of fetal protein malnutrition on
arterial sympathetic innen ation.
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CHAPTER 6
CHRONIC MODERATE HYPOXIA AND PROTEIN
MALNUTRITION BOTH INDUCE (JROW1H
RETARDATION, BUT HAVE DISTINCT EFFECTS ON
ARTERIAL ENDOTHELIUM-DEPENDENT REACTIVITY
IN THE CHICKEN EMBRYO
Karia Raijteabcek, UUaa C. G. A- Kessels, Jo G. R. Dc Mey, Carlos £. Blaaco
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Abstract '
Deviations in intrauterine growth may change organ system development resulting in
cardiovascular disease in adult life. Arterial endothelial dysfunction often plays an important
role in these diseases. The effect of two interventions that reduce fetal growth, chronic hypoxia
and protein malnutrition, on arterial endothelial function was investigated.
Eggs of White Leghorn chickens were either incubated in room air or in 15% O; from
day 6 till day 19 of the 21 day incubation. Protein malnutrition was induced by removal of 10%
of the total albumen content at day 0. In vitro reactivity of the femoral artery in response to
vasodilators was measured at day 19.
Both chronic hypoxia and protein malnutrition reduced embryonic body weight at day
19 by 14% without affecting relative brain weight. Chronic hypoxia or protein malnutrition did
not change sensitivity to the exogenous NO-donor. sodium nitroprusside (pD;: 5.7410.15 vs.
5.8510.23 and 6.0510.18 vs. 6.0110.34. respectively). While protein malnutrition did not
modify arterial sensitivity to acetylcholine (7.0010.10 vs. 7.1210.05), chronic hypoxia reduced
sensitivity to this endothelium dependent vasodilator (6.5710.07 vs. 7.0210.06). This was
accompanied by a smaller effect of the N()-synthase blocker L-NAME in arteries of embryos
exposed to chronic hypoxia compared with those of normoxic embryos (ApD;: 0.2910.14 vs.
0.7510.04).
Protein malnutrition and chronic hypoxia both induce disproportionate growth
retardation, but only the latter impairs arterial endothelial function. This may suggest that
intruuterinc exposure to chronic hypoxia induces arterial changes that may play a role in the
development of cardiovascular disease in adult life.
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I • trod action
bpidemiological evidence links low birth weight to non-infectious dia
including cardiovascular pathologies. Coronary heart disease, type 2 diabetes, atherosclerosis
and arterial hypertension have been associated with fetal growth retardation (I. 2). ltttSS
observations have led to the hypothesis that cardiov ascular diseases in the adult may already be
determined during intrauterine life.
An adverse intrauterine environment is most frequently the consequence of placental
insufficiency resulting in decreased availability of nutrients and oxygen. Chronic exposure to
hypoxia or undernutntion or a combination of both these Stressors during prenatal life may not
only interfere with fetal growth but may also modify arterial function and structure, lo
investigate this relationship animal models have been established that interfere with fetal growth
and development. Placental insufficiency can be induced by umbilico-plucental cmholi/ation
and reduction of placental blood (low by ligation of the uterine artery (12. 16). Mutenuil lood
restriction or exposure to hypoxia can also create an adverse intrauterine environment (24. 7. II .
30). The interventions may result in offspring with increased arterial blood pressure and other
cardiovascular pathologies. However, not in all cases these arc accompanied by reduced body-
weight of the pups (9). indicating that not growth itself but factors involved in the maintenance
of a healthy intrauterine environment arc crucial in the physiological programming of
cardiovascular function and structure.
The studies that have provided evidence for the programming of cardiovascular disease
have been performed in mammalians in which the fetus is exposed to intrauterine stress via the
mother. In these models it is difficult to distinguish between the effects of hypoxia and protein
malnutrition. As the chicken embryo develops outside the hen. this model rules out these
disadvantages. In previous work we have shown that the model is suitable to study
cardiovascular response mechanisms (22. 20. 21) and that exposure to chronic moderate
hypoxia changes peripheral artery function and structure at the level of the sympathetic
innervation (26 (chapter 4)).
Besides sympathetic hyperinncrvation (review (13)). endothelial dysfunction plays an
important role in cardiovascular disease (33). In children and young adults with low birth
weight endothelial function is reduced (5. 14. 17). hndothelium-dependent relaxation involve»
mediators such as nitric oxide and EDHF's (33). which have also been demonstrated to
participate in the response to acety Icholine in chicken embryo arteries (15 (chapter 2)). Ai acute
and prolonged exposure to hypoxia can interfere with N()-production and release (28. 34. 31).
endothelial dysfunction resulting from chronic in utero exposure to hypoxia could be an
interesting mechanism to link intrauterine stress and the programming of cardiovascular disease
in the adult. On the other hand, decreased endothelial function after fetal protein malnutrition
has also been described (10).
In the present study, effects of chronic hypoxia and protein malnutrition on embryonic
growth and arterial endothelial relaxing function were investigated. We hypothesize that
acety Icholine-induced relaxation of peripheral arteries of the chicken embryo may be modulated
by a specific in ovo insult. ' . >
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Methods
Experiments were performed in accordance with Dutch Law for animal
experimentation. Fertile I.ohman-selected White Leghorn eggs ('t Anker. Ochten. NL) were
incubated at 38 °C and 60% relative air humidity. To induce chronic hypoxia. eggs were
transferred on embryonic day 6 to an incubator (Salvis Biocenter 2001) maintained at an oxygen
level of 15% IK Another set of eggs was transferred to a comparable incubator which was kept
at 21% O2 to serve as normoxic controls.
The albumen content of a separate set of eggs was determined using the methods
described by Hill et al. (8). A new set of eggs was used for the in vitro studies and protein
malnutrition was induced at day 0. With a sterile needle (18G) a hole was made in the eggshell
(at the pointed end of the egg) and 10% of the estimated albumen content (in grams) was
carefully extracted from the egg to induce protein malnutrition. In another set of eggs a hole was
made without albumen reduction to serve as sham controls. Holes were sealed with
cyanoacrylale (RS components. Corby. UK).
()n embryonic day 19 of the 21-day incubation period embryos were removed from the
egg and immediately decapitated. Embryos were weighed and organs were isolated to determine
organ wet weight. Isometric force measurements were performed in femoral arteries of embryos
thiit were exposed to chronic hypoxia or to protein malnutrition and in normoxic and sham
controls.
.-IrfmVj/ r«K7iv/7y
Segments of 2 mm of the right femoral artery were mounted (steel wires, diameter 40
|im) in u myograph organ bath (model 610M, Danish Myotechnology by J.P.Trading. Denmark)
for isometric force measurement. Organ baths were filled with a Krebs-Ringer bicarbonate
buffer, maintained at 37 °C and aerated with 95% O; and 5% CO;. The arterial segments were
stretched until maximal contractile responses to 63 mmol/L potassium solution (K*) were
obtained (= optimal diameter). Concentration-response curves for acetylcholine (ACH. 10* to
10"' mol/L. half log units) were made during contraction with 63 mmol/L K*. Sodium
nitroprusside (SNP. 10"'- 10"* mol/L) induced relaxation was studied after arterial stimulation
with 10 fimol/L norepinephrine (NE). The effect of ACH was also tested in arteries of normoxic
and hypoxic embryos during NE-induced contraction.
The effect of NO synthase inhibition on ACH-induced relaxation was evaluated by
constructing concentration response curves in the presence of L-NAME (10"* mol/L). In
additional experiments, the effect of L-NAME on K*-induced contraction was evaluated in side
branches of the femoral artery of 3-4 weeks old chickens that had been exposed to chronic
hypoxia (15% O;) (Vom embryonic day 6 to 19 and in control chickens.
Drives am/ sa/i/f/w«
Krebs-Ringer bicarbonate buffer (KRB) contained (in mmol L"'): NaCI. 118.5:
MgS(V7H;O. 1.2; KH.PO4. 1.2: NaHCO,. 25.0: CaCl;. 2.5; glucose. 5.5. Solutions containing
different concentrations of K' were prepared by replacing part of the NaCI by an equimolar
amount of KC1. Arterenol bitartrate (norepinephrine) and Nto-nitro-L-arginine methyl ester (L-
NAME) were obtained from Sigma Chemical Co (St. Louis. MO), acetylcholine chloride from
Janssen Chimica (Beersen. Belgium) and sodium nitroprusside from Acros (Geel. Belgium). All
agents were dissolved in distilled water.
IQS
Body- and organ weights of all embryos exposed to protein malnutrition and of sham
controls were measured at day 14. A randomlv selected group of embryos, was included in the
myograph studies. In previous work we describe body- and organ weights at embryonic day 19
of large numbers of h>poxic and normoxie embryos (26 (chapter 4)). A separate group of
embryos was used in the mvograph studies. To certify that chronic hypoxia affected growth,
total embryonic weight was measured at day I*). Active wall tension (AWT) was calculated by
dividing force by two limes the length of the vessel segment (N/m). Responses to vasodilators
were expressed as percentage change of the AWT induced by contraction. Sensitivity to AIT!
and SNP (expressed as pi); (= -log EC«>)) was determined for each artery by fitting individual
concentration-response data to a non-linear sigmoid regression curve and interpolation
(Graphpad Prism version 2.01. Graphpad software Inc. San Diego. CA). Maximal responses
(E,Mi) foe each artery were expressed in terms of active wall tension (AWT. N/m). Che effect of
L-NAME was calculated as the difference between pi); for AC'H in presence and absence of L-
NAME(»ApD;).
Since the incubation procedures for the chronic hypoxia and protein malnutrition
experiments were different, the intervention groups can only be compared with their own
controls. Therefore, student t-lests (Sigma Stat 2.0. Jandcl Scientific) were performed to
compare differences in pD;-. ApD;- and L^n-values between arteries of hypoxic und normoxie
embryos. Similar statistical procedures were followed to analyze differences in arterial
responses of embryos exposed to protein malnutrition and sham controls. Io test whether
differences in pD;- and E_-values within one artery segment in the presence und absence of L-
NAME were statistically significant paired t-lests were performed. I Tie non-parametric variants
(Mann Whitney U-test. Signed Rank test) were used, when normal its test failed (Sigma Suit 2.0.
Jandel Scientific). Data are presented as mean ± SF.M of n embryos and P<0.05 was considered
statistically significant.
Results
Protein malnutrition from day 0 resulted in a 14% decrease of body weight measured at
day 19 (19.4±0.5g vs. 22.5±O.5g. n=49. n=29. P<0.00l). Relative brain weights of embryos
exposed to protein malnutrition were larger compared to sham controls (.3.81 ±0.08% vi.
3.49±0.06%. n=40. n=29. P<0.0l). Previous work of our group demonstrated that exposure of
chicken embryos to chronic hypoxia from day 6 of incubation also reduced total embryonic
body weight measured at day 19 by 14% (2l.9±0.4 vs. 25.4iO.6g. n«32. n-29. P<0.00l). A»
observed after protein malnutrition, this was accompanied by relatively larger brain weight»
(3.69+0.08% vs. 3.3910.07%. n=39. n=29. P<0.0l) (26 (chapter 4)). The differences in total
body weights induced by the interventions were also significant when only data of embryos that
were used in the myograph studies were analyzed (chronic hypoxia: 24.4±0.S3 vs. 27.5±0.58.
n=14.n=9.P<0.01. protein malnutrition: 18.4il.06 vs. 22.9±0.88. n=17. n-15. P<0.0l).
Optimal diameters of femoral arteries of embryos exposed to chronic hypoxia (n-14 v».
9 normoxie control embryos) were not different from those of normoxie control embryo*
(P=1.0). The same was observed when artery segments of embryos exposed to protein
malnutrition (n=17 vs. 15 sham control embryos) were compared to sham controls (P=0.78).
Protein malnutrition, but not chronic hypoxia (P=0.13). reduced contractile responses to 63
mmol/L K in comparison with sham controls (1.27±O.11 N/m vs. l.72±O.ION/m. PO.0I).
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Table I summarizes sensitivity and maximal responses to the endotheliurn-dependent
agonist acetylcholine (ACH) and the exogenous NO-donor sodium nitroprusside (SNP) in
arteries of embryos exposed to chronic hypoxia or protein malnutrition and normoxic or sham
control embryos. Arterial sensitivity and maximal responses to ACH of embryos exposed to
protein malnutrition was not different from their controls (pD;: P=0.42. E ^ : P=0.33. fig. IB).
Neither was the response to sodium SNP changed by protein malnutrition (pD?: P=0.92. E«„:
P"0.59, fig. ID). Though maximal relaxation was unchanged (P=0.51. fig. 1A), arterial
segments of embryos chronically exposed to hypoxia were significantly less sensitive to ACH
than arteries of normoxic control embryos (P<0.001. fig. 1A). This was not accompanied by
changes in sensitivity to SNP (P=0.71, fig. 1C). Maximal responses to SNP were slightly
decreased in the hypoxia group (P=0.03. fig. 1C). The decrease in sensitivity, but not in
maximal relaxation to ACM was also observed when arteries of hypoxic and normoxic control
embryos were contracted with norepinephrine instead of 63 mmol/L K* (pD;: 6.62±0.09
vs.7.1510.09. P < 0 . 0 0 1 . l w 100.911.0% vs. IOO.4±O.3%. P=0.87).
Table I. Sensitivity (A) and maximal responses (B. %) lo ACH (in presence and absence of L-NAME)













































Sensitivities to ACH and SNP in the absence and presence of (=i.p.o.) L-NAME were presented as pD?
values ("*-logEC»o) and differences between pD;-values in the absence and presence of L-NAME as
ApD>. Maximal responses to ACH and SNP in the absence and presence of L-NAME are presented as
percentages of the contraction to K* (in case of ACH) and to NE (in case of SNP). Mean ± SEM. *
P<0.05 for the difference in response between arteries of embryos exposed to hypoxia and normoxic
controls. # P<0.05 for differences in responses in the absence and presence of L-NAME.
Contractile responses to 63 mmol/L K* of arteries of hypoxic and normoxic embryos
were not changed in the presence of L-NAME (hypoxia group: 2.0010.14 N/m vs. 2.0210.12
N/m. P=0.66. normoxia group: 2.2910.22 N/m vs. 2.3610.20 N/m. P=0.42). Inhibition of NO-
synthasc with L-NAME significantly reduced sensitivity and maximal relaxing responses to
ACH in arteries of normoxic embryos (pD;: P<0.01. E^»: P<0.001. table 1. fig. 2) and maximal
responses of embryos that had been exposed to hypoxia (pD>: P=0.07. E^, : P<0.001. table 1.
tig. 2). Under these conditions arterial sensitivity to ACH was no longer different between
hypoxic and normoxic embryos (P=0.32. table 1. fig. 2). Thus, the rightward shift of the
concentration response curve induced by L-NAME was significantly smaller in arteries of
hypoxic cnibnos than in arteries of their normoxic controls (ApD;: P=0.01. table 1). indicating
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that chronic exposure to hypoxia reduced sensitivity to ACH b\ lowering ACH-induced NO
release.
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Fig. 1. Acetylcholinc (ACH)- and sodium nitropru&tide (SNP)- induced relaxation in femoral artcrie«
contracted with 63 mmol/I K* of embryos exposed to chronic hypoxia or protein malnutrition and
nonnoxic and sham control embryos.
Sensitivity to ACH was decreased in artery segments of hypoxic (A. filled symbol«) compared to
nonnoxic embryos (A. open symbols), whereas responses to SNP <C> were unchanged after chronic
hypoxia. Arterial responses to ACH (B) and SNP (D) Mere not significantly different between embryo«
exposed to protein malnutrition (filled symbols) and sham control embryo* (open symbols). Meant ±
SEM. * P<0.05 (for the entire coocentratioo-respon&c curve).
In side branches of the femoral artery of 3-4 weeks old control chickens. l.-NAMfc
induced an increase of contraction stimulated with 63 mM K* of 0.6810.20 N/m (K-induced
contraction in absence of L-NAME:2.26±0.25 N/m. n=!4). No significant effect (-0.1610.33
N/m) of L-NAME on K'-contraction was observed in chickens that had been exposed to chronic
hypoxia during developmenL suggesting that chronic hypoxia before hatching affects basal NO
release after hatching.
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The present study demonstrates that exposure to chronic hypoxia and protein
malnutrition both induce disproportionate growth retardation of the chicken embryo. However,
only chronic hypoxia had consequences for arterial function. Endotheiium-dependent relaxation
was reduced in embryos that were exposed to chronic hypoxia from day 6 to 19.
Our group previously showed that the response to acetylcholine in the femoral artery of
the chicken embryo at the end of incubation is entirely endotheiium-dependent (15 and chapter
2). Precontraction with high K". blockade of NO-synthasc with L-NAME and inhibition of
cyclo-oxygenase with indomethacin are not sufficient to entirely block acetylcholine-induced
relaxation in the chicken embryo (this study, chapter 2 and 15 ) and adult chicken (6. 18). This
indicates that besides NU. prostaglandins and EDHF. an additional unknown factor contributes









Fig. 2. Acetylcholine (ACHHnduced relaxation in the presence and absence of L-NAME in femoral
arteries of embryos exposed to chronic hypoxia and normoxic embryos.
N()-synthase blockade by I.-NAMF decreases maximal responses lo ACH in arteries of chronic hypoxic
embryos (tilled squares in absences of L-NAME. filled triangles in presence of L-NAME) and sensitivity
mid maximal responses in arteries of normoxic embryos (open squares in absence of L-NAME. open
triangles in presence of l.-NAME). Means ± SEM. • P<0.0* for the difference in sensitivity between
arteries of embryos exposed to hypoxia and arteries of normoxic controls in the absence of L-NAME. #
P<0.0S for the difference in sensitivity in the absence and presence of L-NAME in normoxic controls. ##
P<0.05 for the difference in maximal relaxation in absence and presence L-NAME in both arteries of the
hypoxic embryos and arteries of normoxic controls. The righrward shift (ApD;. see table 1) of the curves,
that is induced by L.-NAME is significantly smaller after chronic hypoxia.
The effect of chronic hypoxia on ACH-induced relaxation seems to involve only the
NOS-dependenl component of the response, as during incubation with L-NAME responses to
ACH in arteries of chronic hypoxic embryos were comparable to those in arterial segments of
nomioxic control embryos. Sensitivity to SNP. an exogenous NO donor, was not modified by
chronic hypoxia. indicating that the capacity of the smooth muscle cells to relax in response to
NO was not changed. Though the small change in maximal relaxing response to SNP was
statistically significant, this is probably physiologically of little importance.
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During acute fetal hypoxemia in vivo, blood flow in peripheral vascular beds it
decreased (4. 20). This reduces shear stress, which in lum may result in a decrease in arterial
eNOS expression (32). Furthermore, inhibitory effects of hypoxia on endothelium-derived NO
production during acute and long-term exposure in isolated total pulmonary (28) und udult
systemic arteries (34. 31) have been demonstrated. Moreover, acute hypoxiu completely inhibits
acetylcholine-induced relaxation in femoral arteries of the chicken embryo (abstract (25) and
chapter 3). This indicates that hypoxemia might modifv both the presence and effects of NO.
However, to elucidate the mechanisms involved in the effects of chronic hypoxia on endotheliul
function, future studies are necessary. These can investigate a range of endolhclium-dcpendenl
vasodilators. NO synlhase expression and NO production.
A relationship between intrautcrine growth retardation and impaired cndolhclial
function has been described in humans. Flow-mediated dilatation of the brachial artery (3, 14)
and acetylcholine-induced dilatation (17) are reduced in health) children and young adults that
had low birth weights compared with normal birth weight subjects. Animal studies have focused
on prenatal insults that ma\ interfere with fetal growth to investigate effects on cndolhclial
arterial function. Endothelial function was evaluated in offspring (100-120 days old) of food-
restricted rats. Onl) when total food intake was reduced by 50% in the second hull ot gestution.
reductions in endothelium-dependent relaxation were observed (10): a reduction of the maternal
food intake by 30% did not alter endothelial reactivity (24). In guinea pigs, effects of exposure
of the mother to chronic hypoxia on endothelial function were observed in the offspring. While
the contribution of NO to the acetylcholine-induced relaxing response and eNOS mKNA levels
in fetal hearts were increased (29). chronic hypoxia reduced maximal responses to acetylcholinc
in fetal carotid arteries (30).
We used two different models to induce growth retardation in the chicken embryo. We
(26 and chapter 4) and others (19. 35) previously showed that long-lerm exposure to moderate
hypoxia reduces total embryonic body weight. In these experiments we also demonstrated
increased hematocrit levels, indicating that the embryos were indeed exposed to hypoxemia in
these conditions (26 and chapter 4). In our model reduced total body weight was accompanied
by a sparing effect on brain weight. Protein malnutrition was induced by removal of 10% ol the
albumen. The eggs of chickens contain yolk, which consists of water, fat and proteins and
primarily determines the degree of development of the chick at hatching. Inc other component
of the egg. albumen, mainly (-95%) contains water and amino acids, which arc used by the
developing embryo for whole-body protein synthesis and growth (8. 23). As previously shown
(23. 3). extraction of albumen from the egg was found to reduce total embryonic weight towards
the end of incubation. Like after exposure to chronic hypoxia. relative brain weight was spared.
Comparisons between the two models should be made with caution since incubation procedures
were different and making a small hole in the eggshell (as performed in the protein malnutrition
studies) has been shown to induce changes in embryonic metabolism, body and organ weights
(3). However, both interventions induced growth retardation of comparable severity, but had
different effects on the arterial reactivity.
Two critical points may be raised here. First the period of exposure to the insult may be
different between the two models. In the model of chronic moderate hypoxia. the embryo if
constantly exposed to low oxygen levels from day 6 to 19. However, the effects of albumen
removal may occur primarily during the second half of incubation (8). This may be of
importance considering that insults may affect developing organ systems like the cardiovascular
system at critical time points. Second, while chronic hypoxia reduced relative body weights of
ail organs apart from the brain (26 and chapter 4). protein malnutrition did not significantly
decrease relative heart, liver and kidney weights (data not shown, chapter 5). suggesting that the
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reduction in toul body weight is accounted for by other tissues, like skeletal muscle or the
skeleton (3). The authors like to stress that, though there may be differences in exposure period
and the exact features of the reduction in embryonic growth, disproportionate growth retardation
per se does not seem to be the cause of the changes in arterial functional properties. We clearly
showed that the disproportionate reduction in growth caused by chronic hypoxia is accompanied
by changes in acetylcholine-induced relaxation while the reduction in in ovo growth induced by
protein malnutrition is not.
Though evidence is limited others have reported effects of maternal food-restriction on
endothelial function (10). Important in this respect is that maternal undemutrition in
mammalians may modify maternal hormone balances and metabolism, which may indirectly
influence fetal vascular function. Furthermore, the effects of maternal food-restriction were
demonstrated in adult offspring, whereas we evaluated endothelial function at the end of
incubation time (0.9 gestation). Therefore, changes in endothelium-dependent relaxation as a
result of chronic hypoxia in the chicken embryo may point to a more early and causal role of
impaired endothelial function in the fetal programming of cardiovascular disease, while indirect
effects of protein malnutrition may become evident postnatally. Future studies in post-hatch
chickens will address these points.
There is now substantial evidence from epidemiological studies in humans and from
animal studies associating an adverse intrauterine environment with cardiovascular diseases in
adult life (I. 2). I'mloihelial dysfunction plays an important role in diseases such as
urthcrosclerosis. heart failure and hypertension (33). Changes in endothelial function may be
causally involved in the development of these diseases. The role of endothelial NO as mediator
may be considerable, as it may affect both smooth muscle tone and smooth muscle cell
proliferation (27, 36). We show that prolonged exposure to chronic moderate hypoxia does, and
protein malnutrition does not. reduce endothelium-dependent relaxation as a result of decreased
NO release in peripheral arteries of the chicken embryo. Furthermore, our findings in 3-4 weeks
old chickens indicate that effects on the NO system induced by chronic hypoxia during
development, are also present after hatching. These results warrant further investigation in
chickens of various ages.
We suggest that, in addition to the previously demonstrated effect of embryonic
hypoxemia on sympathetic nervous development (26 and chapter 4). changes in endothelial
function, especially the NO-dependent component, induced by chronic exposure to hypoxia
during fetal life may contribute to the development of cardiovascular disease in later stages of
life.
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CHRONIC MODERATE HYPOXIA DURING IN OVO
DEVELOPMENT ALTERS ARTERIAL PROPERTIES IN
CHICKENS
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Abstract
In the present study the effects of chronic moderate hypoxia during embryonic
development on cardiovascular function and structure were investigated in the chicken.
Eggs of the White I-eghom chicken were incubated under normoxic or hypoxic (15%
O] from day 6 to 19 of 21-day incubation) conditions. Data were evaluated in 3-4 and 14-15
weeks old male and female chickens (Hm: males exposed to hypoxia. Hf: exposed females. Nm:
males exposed to normoxia, Nf: females exposed to normoxia).
Body weight at hatching was not different between groups (Hm:43.4±0.6g.
Hf:42.9±0.7g, Nm:43.7±O.7g. Nf:44.3±O.6g). but growth after hatching up until 3 weeks of age
was reduced by in ovo exposure to hypoxia. Mean arterial pressure and heart rate of chickens in
both age groups were not significantly altered by the intervention. However, changes in
contractile responses of the femoral artery after in ovo exposure to chronic hypoxia were
observed in both age groups. In 3-4 weeks old chickens maximal contractile responses of the
femoral artery to norepincphrine (Hm:l 1.39±0.43N/m. Hf: 11.90±0.40N/m.
Nm:IO.I9±O.7ON/m. Nf:10.2l±O.34N/m). phenylephrine (Hm:9.87±0.79N/m.
Hf:9.7O±O.78N/m. Nm:7.27±0.56N/m. Nf:6.09±0.74N/m) and serotonin (Hm:8.43±O.62N/m.
Hf:8.19±0.42N/m. Nm:7.5l±0.84N/m. Nf:6.8O±O.55N/m) were significantly increased. Femoral
arteries of 14-13 weeks old chickens were more sensitive to electrical (frequency of half
mnximiil contraction. Hm:1 62+0 UH/. Hfl 92+0 X8H/. Nm:2 49+0.49Hz. Nf:2.83+O.3lHz)
and pharmacological stimulation of peri-arterial sympathetic nerves (contraction to tyramine:
Hm:5.27±O.85N/m. Hf: 4.10±0.9N/m. Nm:2.26±O.67N/m. Nf:3.65±O.51N/m, P=0.07) after the
in ovo intervention. Arterial structural parameters (morphometry. DNA content, density of
sympathetic nerve fibers) were not altered by in ovo hypoxia in either age group. In side
branches of the femoral artery, the increase in contraction to high K* induced by NO synthase
blockade with L-NAMk was reduced after in ovo hypoxia in 3-4 weeks (H:-0.1610.33.
N:0.68±0.20) and 14-15 weeks old chickens (Hm:0.35±0.91N/m. Hf:1.29iO.36N/m. Nm:
2.88±0.19N/m. Nf: 2.79iO.58N/m). In 14-15 weeks old chickens this was accompanied by a
decreased effect of l.-NAMK to ACH-induced relaxation (ApD;. H:O.32+O.l 1. N: 0.62±0.05).
The present study shows that exposure to chronic moderate hypoxia during in ovo
development affects contractile and relaxing arterial responses of 3-4 and 14-15 weeks old
chickens. Although hypoxia did not lead to changes in blood pressure at these ages the observed
effects on arterial smooth muscle, sympathetic and endothelial function may be involved in the
development of cardiovascular disease at later stages of life.
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# The relationship between intrauterine growth retardation and cardiovascular
which was first suggested by epidemiological studies (for review" 2. 35), has been confirmed in
animal studies (for review: 21. 13). Mechanisms explaining this so-ceiled **fataj origins of
cardiovascular disease" hypothesis are now being investigated. :iä*^«f*-3m*. v.««' $*Ni»*!B£A
Birth weight is the resultant of intrauterine growth, vvMeo Is mainly determined by the
availability of nutrients and oxygen to the fetus. When this availability is reduced, total
protective adaptations will be initiated. Growth of some organ systems will be restricted to
allow sufficient oxygen/nutrients for the development of other, more important A ii.il OIV.IMS
However, the adaptations and changes do not only involve a reduction in growth, hm m.i\ .ilso
persistently affect organ function and structure, which may lead to pathology at latet SI.UH-S of
life.
Many studies have focussed on fetal malnutrition as a cause of cardiovascular discusc in
later life. However, the most common cause of intrauterine growth retardation is placental
insufficiency, which is a combination of both malnutrition and chronic hypoxia. letal
hypoxemia induces adaptive responses of the cardiovascular system.
u'fH.ir Redistribution of the cardiac output during acute fetal hypoxemia involves peripheral
vasoconstriction induced by high levels of circulating calccholamines released by the adrenal
medulla and by activation of sympathetic nerves (5$. 11. 44). Exposure to hypoxia for several
days has been demonstrated to result in increased levels of key enzymes for catecholamine
production (23). High plasma catecholamine levels (58) and maintenance of the redistribution of
the cardiac output (29) have been observed during chronic hypoxia in the Ictus.
• •-• .n Hypoxia may also exert effects on the arterial endothelium. In in vitro systems acute as
well as long-term changes in oxygen tension alter en doth dial properties of fetul pulmonary
(54). fetal carotid (61) and cerebral arteries (37). The changes in blood tlow occurring during
fetal hypoxemia may alter arterial shear stress, which in turn can modulate the expression and
activity of endothelial enzymes, such as NO synthasc (62).
In previous work we have demonstrated in the chicken embryo that chronic exposure to
moderate hypoxia. which leads to growth retardation, increases sympathetic innervation (S3,
chapter 4) and reduces endothelial function (52. chapter 6) at embryonic day 19. Increased
sympathetic innervation and reduced NO production have been proposed to stimulate vascular
smooth muscle cell proliferation (6. 66). Moreover, both sympathetic hyperinnervation and
endothelial dysfunction, which have been linked to intrauterine growth retardation (49. 39. 12.
33). have been associated with hypertension and other cardiovascular diseases in the adult (for
review: 27. 63). Therefore, we now investigate whether in ovo exposure to chronic moderate
hypoxia also affects arterial properties in chickens 3-4 and 14-15 weeks after hatching and has
consequences for blood pressure and its autonomic control.
Experiments were performed according to the institutional Guidelines and Dutch I-aw.
and were approved by the institutional animal ethics committee.
Eggs of White Leghorn chickens (*t Anker. Ochten. NL) were incubated at 38 °C and
60-70% relative air humidity. Chronic hypoxia was induced as previously described (53.
chapter 4). From embryonic day 6 to 19 of the 21-day incubation period eggs were kept in an
incubator (Salvis Biocenter 2001) that maintained oxygen levels at 15% (in ovo hypoxia).
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Control eggs were incubated at 21% O; (in ovo normoxia). At embryonic day 19 all eggs were
transferred to an incubator in air in which they were not turned to allow the embryos to hatch.
Within 24 hours after hatching, chickens were weighed and transferred to a cage in which
temperature was maintained sufficiently high. The chickens were housed at the central Animal
Facilities of Maastricht University and were allowed normal chicken chow (Kenner opfokkorrel,
Agri Retail b.v., Amhem, NL; 18% protein. 1% Ca**) and drinking water ad libitum. Total
bodyweight was measured at 1, 2. 3. 5, 7. 8,9. 10 and 14-15 weeks after hatching.
Surgical procedures were performed in chickens at the age of 2110.2 days (n=44) and at
14-15 weeks (n=32). Chickens were anaesthetized with 30 mg/kg ketamine and 10 mg/kg
xylazine i.m. Local anesthesia was applied with xylocaine when needed. A catheter (PE10 for 3
weeks old and PK50 for 14-15 weeks old chickens), filled with heparin(50U/ml)/saline-solution
was implanted in the left femoral artery and advanced retrogradely so that its tip was 1-2 cm in
the abdominal aorta. Similarly, in the 14-15 weeks old chickens, a venous catheter was inserted
into the femoral vein. Catheters were guided under the skin and exteriorized at the base of the
neck. The chickens were allowed a recovery period of 3 days before blood pressure was
measured. Mean arterial pressure and heart rate were monitored via a CP-01 low volume
displacement pressure transducer (Century technology Co. Inglewood. CA. USA) in
conjunction with an on-line monitoring computer program (Hemodynamic Data Acquisition
Systems. Instrumental Services. Maastricht University) for 30 minutes to obtain stable
measurements. During the measurements lights were turned down to keep the chickens quiet. In
3-4 weeks old chickens, only basal HR and MAP measurements were performed. In the 14-15
weeks old chickens the contribution of the autonomic nervous system to the control of blood
pressure was investigated by intravenous injections of the following agents. Atropine (1 mg/kg).
mctopropolol (2.5 mg/kg) and hexamethonium (25 mg/kg) were injected at 15 minutes intervals
(to allow stabilization of responses) to determine vagal (AHR). cardiac sympathetic (AHR) and
arterial sympathetic (AMAP) nervous tone, respectively. 24 Hours after the HR and MAP
measurements, blood samples were taken (via the arterial catheter) from these animals. HPLC
techniques based on previously described methods were used to determine plasma
norcpinephrine (24) and plasma corticosterone concentrations (which is the main glucocorticoid
in chickens (4)) (41. 19).
24-48 Hours after blood pressure measurements 3-4 and 14-15 weeks old chickens were
sacrificed by decapitation. Body weight and wet weights of the heart, right kidney, liver, brain,
right lung and right adrenal were determined. Arteries were then isolated for isometric force
measurements, determination of DNA content, morphometry and analysis of peri-arterial nerve
density. • :••••..
Two mm arterial segments of femoral arteries and side branches leading to the m.
quadriceps femoris of 3-4 weeks old chickens were mounted (steel wires, diameter 40 |im) in a
wire myograph organ bath (model 610M, Danish Myotechnology. Denmark) filled with a
Krebs-Ringer bicarbonate buffer, maintained at 37 °C and aerated with 95% O; and 5% CO;.
Two mm segments of the femoral artery of 14-15 weeks old chickens were mounted in Allhin
organ chambers (Grass FT07 force-displacement transducer) as described previously (65). Wire
myography was used to measure arterial side branches.
I"he arterial segments were stretched until maximal contractile responses to high
potassium solution (35-63 mmol/L K') were obtained. Increasing concentrations of vasoactive
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substances (10 * to 10' mol/L. half log units) were added to the organ bath and concentration-
response curves were constructed. Contraction stimulated with the adrenergic agent
norepineprine (NE) was measured in the presence and absence of cocaine (I Jlmol/L), a blocker
of the neuronal uptake of NE. Responses to nerv c stimulation were tested using electrical field
stimulation (EFS: 0.25 • 32 Hz), which was pro. iouslv shown to stimulate peri-arterial nerves of
the chicken embryo femoral artery, leading to adrenoceptor-mediated contraction (34. chapter
2). Contractile responses to a,-adrenoceptor stimulation were evaluated with phenylcphrine
(PHE) and non-adrenergic contraction with serotonin (5HT). In femoral arteries ol 14-15 weeks
old chickens, responses to tyramine (10* mol/L). which stimulates NE release from the
sympathetic nerves, were also measured. Arterial relaxing responses were investigated with
acety Icholine (ACH. K' precontraction). an endothelium-dependent vasodilator (34. chapter 2).
in the presence and absence of L-NAME. an inhibitor of NO synthasc. and with sodium
nitroprusside (SNP. NE precontraction). an exogenous NO donor. At the end ol the
experiments, vessel segments were fixed in the organ chamber in phosphutc-bullcred
formaldehyde (4%. pH»7.4. 37°C. 30 minutes) for subsequent morphometric analysis.
Lawson solution was used to stain 4 (im thkft OB0>Mfllons of femoral
arteries. Arterial media cross-sectional area (CSA) and lumen radius WOT determined as
previously described (57). Video images were generated by a Zciss Axiotoope (Zdss, Oermany)
and standard CCD camera (Stemmer. Germany) and commercially available software (JAVA
1.21. Jandel Scientific. Corte Madera. CA. USA) was used for subsequent analyses.
D.V.-f ron/en/. Right femoral artery segments and hearts were solubilized in I N KOH
(24 h. room temperature) to determine their UNA content (30). DNA levels were expressed
relative to arterial segment length and heart wet weight.
Sfa/n/njj o/'permvru/ar nenw Peri-arterial sympathetic nerve density was determined
as described previously (53. chapter 4). In short, femoral artery segments were incubated, while
in the organ bath, in 2% glyoxylic acid and 10 % sucrose in phosphate buffer (10 minutes, room
temperature). Segments were air-dried (90 seconds), stretched (4 minutes. KM) "(") and enclosed
with enteil an and a coverslip. Glyoxylic acid-induced fluorescence was visualized using
fluorescent microscopy (microscope objective Fluo lOx. Nikon Diaphol. BA 470-DM 455 filter.
"Nikon FE2 camera). Intersections of nerve fibers with a Merz grid (distance 50 |un, radius 35
|im) within a selected area of the image were counted to determine nerve fiber density. > ' '
Heparin was obtained from Leo Pharmaceuticals (Weesp. the Netherlands) and
ketamine and xylazine from Eurovet (Bladel. the Netherlands). Atropinc methyl nitrate,
metoprolol tartrate and hexamethonium bromide from Sigma (St. Louis. MO. USA). Krebs-
Ringer Bicarbonate buffer (KRB) contained (in mmol/L): NaCI. 118.5: MgSO4 7H2O. 1.2;
KH2PO4. 1.2: NaHCO3. 25.0; CaC12. 2.5: glucose. 5.5. High K' solutions were prepared by
replacing part of the NaCI by an equimolar amount of KCI. Phosphate buffered solution
consisted of 0.1 mol/L NaH2PO4 H2O and 0.1 mol/L Na2HPO4 2H2O. Arterenol hi tartrate
(norepinephrine). L-phenylephrine. 5-hydroxytryptamine creatinine sulphate (serotonin),
cocaine hydrochloride and Nu>-nitro-L-arginine methyl ester (L-NAM1-.) were obtained from
Sigma Chemical Co (St. Louis. MO). Lawson solution from Boom b.v. (Meppel. The
Netherlands), acetylcholine from Janssen Chimica (Beerse. Belgium), sodium nitroprusside
from Acros (Geel. Belgium) and tyramine chloride from Merck (Darmstadt. Germany). All
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Nf 18 6 15 8
Hm 17 4 13 7
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Fig. 1. Body weight of male (squares) and female (circles) chickens exposed to in ovo normoxia (open
symbols) and hypoxia (closed symbols) from 1 day after hatching until 14 weeks (weights of 15 weeks
old chickens were incorporated in weights at 14 weeks as they were not significantly different). Weight at
1 day after hatching was not significantly different between groups. Up until 3 weeks of age. growth was
negatively affected by exposure to chronic hypoxia during development. This effect disappeared after 3
weeks. Gender differences were apparent over the entire period. • P<0.05 for differences between
chickens exposed to in ovo hypoxia and normoxia. § P<0.05 for differences between males and females.
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Di(Terences in relative numbers of chicken embryos, alive at embryonic da> 14. that
hatched and differences in incubation time before hatching were compared by mcuns of Chi-
square test. Gender differences were not included in the analysis of these data. further analysis
evaluated effects of in ovo hypoxia and gender and data were presented for the four groups of
chickens: male chickens that had been exposed to in ovo hypoxia (Hm). male chickens that
developed in normoxic conditions (Nm). female chickens that had been exposed to in ovo
hypoxia (HO and female chickens that developed in normoxic conditions (NO.
Growth of the chickens exposed to chronic hypoxia during development and of control
chickens was evaluated by repeated measurements test. Organ weights were expressed as
percentage of total body weight.
Basal hemodynamic parameters were estimated by averaging MAP and HK over a
steady state -10 minutes period. AHR and AMAP values were calculated to determine effects of
blockade of vagal. cardiac sympathetic and arterial sympathetic tone. Sensitivity to vasoactive
substances (expressed as pDj (= -log EC»)) and nerve stimulation were determined for each
artery by fitting individual concentration-response data to a non-linear sigmoid regression curve
and interpolation (Graphpad Prism version 2.01. Graphpad software Inc. San Diego. C'A).
Maximal responses ( t ^ , ) to NE. EFS. PHE and SHT for each artery were expressed in
terms of active wall tension (AWT. N/m). as were contractile responses to high K' solutions and
10 umol/L tvramine. The effect of cocaine was calculated as the difference between pi); tor NI-.
in the presence and absence of cocaine (=ApD;) Similarly. ApD; and AK_*, values were
calculated to determine the effect of L-NAMF. on sensitivity and maximal responses to ACH.
Basal NO production was indicated by the increase in K'-induced contraction by I.-NAM!'.
Relaxing responses to ACH and SNP were expressed as percentage of K*- and NF-induced
contraction, respectively.
Differences between findings in male and female chickens that had been exposed to
chronic hypoxia or normoxia during development were tested with two-way ANOVA with the
intervention (in ovo hypoxia/normoxia) and gender as fixed factors. I-test (for intervention)
was used in case the number of data was small. When normality test (Kolmogorov-Smimov)
failed, log transformation was performed on the data or Mann-Whitney I) test was used to
confirm intervention or gender differences observed with two-way ANOVA. To test effect» of
drug infusion on absolute values in heart rate (HR) and mean arterial pressure (MAP) in 14-15
weeks old chickens paired t-tests (all chickens included) were used. Data were statistically
analyzed with SPSS 10.0 (SPSS inc.. Chicago. Illinois. USA). Data are presented as mean ±
SEM. P<0.05 was considered statistically significant.
R«ato
ßodV aw/ or^on
Exposure to chronic moderate hypoxia from day 6 to 19 of the 21-day incubation did
not lead to reduced body weight at I day after hatching (Hm: 43.4±0.6g. n-35. Hf: 42.9iO.7g.
n=27 vs. Nm: 43.7lO.7g. n=25. Nf: 44.310.6g. n=39). The relative number of chicken embryoi
(alive at embryonic day 19) that hatched and the duration of incubation was not significantly
affected by in ovo hypoxia (6616%. n=7g vs. 8015%. n=70 and 21 4±0.1 days. n=78 vi.
21.310.1 days. n=70). Repeated measurements analysis of body weights from hatching up until
3 weeks of age showed that growth of chickens was negatively affected by in ovo hypoxia
(P<0.05) and it was influenced by gender (P<0.05). without any interaction between gender and
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intervention (fig. 1). When data up until 14-15 weeks were included in the analysis, differences
between chickens exposed to in ovo normoxia and hypoxia were not significant, but the gender
dependency was maintained (P<0.05) (fig. 1).
Table I.A. demonstrates that total body weights of 3-4 weeks old male and female
chickens were reduced by in ovo hypoxia. Apart from adrenal weight, which was significantly
increased by in ovo hypoxia. relative organ weights did not differ between groups. Though
effects on relative adrenal weight seemed to be more pronounced in females, testing for
interaction did not show statistical significance. At 14-15 weeks of age relative heart weight was
significantly increased in chickens that had been exposed to in ovo hypoxia. Relative kidney
weight was also increased by the intervention, but interaction between gender and intervention
hampers interpretation. Irrespective of exposure to in ovo hypoxia or normoxia. relative weights
of the heart and adrenal were significantly larger in males than in females, while relative brain
weight was smaller (table I.B.).
Tab!« I.A. body- and organ weights of 3-4 weeks old male and female chickens exposed to in ovo
hypoxia or nonnoxia.
body-and organ weight
in ovo nonnoxia to ovo hypoxia
hod) weight (BW. g)0
heart weight (% of BW)
kidney weight (% of BW)
liver weight (% of BW)
brain weight (% of BW)
lung weight (% of BW)






































Table I.B. body- and organ weights of 14-15 weeks old male and female chickens exposed to in ovo
hypoxia or normoxia.
body- and organ weight
in ovo nonnoxia in ovo hypoxia
male(n-lO)
body weight (BW. g) #
heart weight (% of BW)
kidney weight (% of BW)
liver weight (% of BW)
brain weight (% of BW)
hing »eight (% of BW)





































Mean 1 SEM. results of 2-way ANOVA analysis are depicted as follows: * denotes differences between
chickens exposed to in ovo hypoxia and nonnoxia. § denotes differences between males and females. /
denotes interaction between the intervention »id gender.
# Body weights (BW) were determined right before chickens were sacrificed. Only body weights of
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Fif. 2. Heart rate (HR, A) and mean arterial pressure (MAP. B) in 3-4 weeks old male and female
chickens exposed to in ovo nonnoxia (open bars) and hypoxia (hatched bars) No statistically «ignilicant
differences between groups were observed. Heart rate (C) and mean arterial pressure (I)) in 14-15 weeks
old male (squares) and female (circles) chickens exposed to in ovo nonnoxia (open symbols) and hypoxia
(closed symbols) were not different. Infusion of atropinc (atr) increased HR <# P<0.05) from control
condition (con) in all groups to the same extent. Metoprolol (met) then decwafd HR again (* P<0.05)
without any differences between the four groups and hcxamethonium (hex) did not inlluciicc MR MAI'
was slightly but significantly reduced by infusion of mctoprolol (* P<0.05) and he\amcthonium lurther
decreased MAP(# P-0.05). Differences in decreases m MAP were comparable between groups. (. PO.05
for differences between males and females.
//«art ra/e W/fy
Basal HR of 3-4 weeks old chickens was not affected by in ovo exposure to hypoxia
and was not different between males and females (fig. 2.A.). Analysis of variance did not reveal
statistically significant gender- or intervention-induced differences in MAP (fig. 2.B.). but a
significant interaction between gender and intervention was observed.
In ovo chronic hypoxia did not alter HR (fig. 2.C.) or MAP (fig. 2.D.) of 14-15 weeks
old chickens. While gender differences did not influence MAP, HR of hens was significantly
higher than HR of roosters. Effects of atropinc (increase in HR as an indicator of vagal tone),
metoprolol (decrease in HR: cardiac sympathetic tone) and hexamethonium (decrease in MAP;
arterial sympathetic tone) did not significantly differ between animals exposed to nonnoxia and
hypoxia during embryonic development (fig. 2.C. and 2.D.).










NE PHE EFS 5HT
Fig. 3. Maximal responses of the femoral artery to contractile stimuli in 3-4 weeks old chickens (males
Mid females together) exposed to in ovo normoxia (open bars) and hvpoxia (hatched bars). In ovo h>poxia
»ignificanlly increased maximal responses to norepinephrine (NF). phenylephrine (PHE) and serotonin
(MIT). The increase in maximal response to electrical stimulation of peri-arterial nerves (EFS) did not
roach statistical significance (P=0.07). • P<0.05 ,,. .^ . , , i ; . •'^<
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<^'""* T.' frequency (2"H.)
Ftg. 4. A. Responses to electrical stimulation of peri-arterial naves of the femoral artery of 14-15 weeks
old chickens that had been exposed to normoxia (open symbols) or hypoxia (closed symbols) during
development (males and females together). Arteries of chickens exposed to in ovo hypoxia start
contracting at a lower stimulation frequency. * P<0.05
Fig. 4.B. Responses to (vriunine in the femoral artery of 14-15 weeks old chickens that had been exposed
to nonnoxia (open bar) or hypoxia (hatched bar) during development (males and females together).
Arteries of chickens exposed to in ovo hypoxia show increased contraction, but differences were not
statistically significant (P=0.07). ^
. - . < • • ; . - • - : •
! ! ' ^ • - . • - . , , ; • .
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Plasma «as taken from 14-15 weeks old chickens. Because numbers were small and
variance large, plasma NE (537±154 pg/ml, n«l2 vs. 229±27pg/ml. n«7) and corticostcrone
levels (2.9110.51 ng/ml. n=!2 vs. 3.40±0.92 ng ml. n=8) were analyzed for differences induced
by in ovo hypoxia only. Differences did not reach statistical significance.
/•Vmora/ ar/erv. Stable contraction of the femoral artery in response to high K' was
comparable between 3-4 weeks old chickens that had been exposed to in ovo normoxiu and
hypoxia. and was not influenced bv gender differences (table 2.A.). While sensitivity to
norepinephrine (NK). phenyleprine (PHI-), electrical stimulation of peri-arterial nerves (EFS)
and serotonin (5HT) was not altered by the intervention (table 2.A.), maximal contractile
responses to these stimuli was increased by in ovo exposure to chronic hvpoxia (table 2.A. and
fig. 3.. differences in E^, to EFS did not reach statistical significance (P 0.07)). 1 Meets of
blockade of neuronal re uptake of NE (cocaine-effect) on sensitivity of the femoral arterv to Nli
were unaffected by in ovo hypoxia or gender (table 2.A.).
In femoral arteries of 14-15 weeks old chickens responses induced by high K' were not
different between groups (table 2.B.). Table 2.B. demonstrates that sensitivity to Nli. PHI und
5HT was not modified, but that sensitivity of the femoral artery to electrical stimulation of peri-
arterial nerves was significantly increased by in ovo hypoxia (tig. 4.A.). Maximal responses to
NE. PHE. EFS and 5MT were comparable between all groups (table 2.B.). Blockade ol neuronal
reuptake of NE with cocaine did not have any effect on arterial sensitivity to NE. whercus
responses to 10' u.mol/L tyramine were increased by in ovo hypoxia (P"O.07. table 2.1)., fig.
4.B.).
S/'aV *ra«c7»ej In 3-4 weeks old chickens responses of side branches of the femoral
artery to high K' were not statistically different between groups (table 2.C.). Sensitivity to NE,
PHE and 5HT was not significantly influenced by gender or by exposure to in ovo hypoxia.
Changes in maximal responses to these contractile stimuli were not statistically significant
either (table 2.C.). Sensitivity of side branches to LFS was not determined, but maximal
responses were comparable between groups (table 2.C.). Neuronal NE reuptake blockade
increased sensitivity to NE. but the effect was not modulated by in ovo hypoxia or gender (table
2.C.).
Side branches of the femoral artery of male and female 14-15 weeks old chickens that
had been exposed to normoxia or hypoxia during development showed no differences in
contraction induced by high K* (table 2.D.). Sensitivity to NE. EFS and 5111 was not affected
by in ovo hypoxia or by gender, but arteries of chickens that had been exposed to hypoxia were
more sensitive to PHE (because of small numbers gender differences were not taken into
account in the analysis of PHE response). Maximal responses to the contractile stimuli were
comparable between chickens exposed to normoxia and hypoxia (table 2.D.). Maximal
responses to EFS were significantly larger in males than in females (table 2.1).). The increase in
NE sensitivity induced by inhibition of the neuronal reuptake with cocaine was comparable
between groups.
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Table 2.A. Sensitivity and maximal contractile responses of the femoral artery in 3-4 weeks old chickens



























































TabU 2.B. Sensitivity and maximal contractile responses of the femoral artery in 14-15 weeks old
^intrar« expo—d to in ovo hypoxia of normoxia.
sensitivity (pD,) *' ''
m ovo nonnoxia in ovo hypoxia
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Table 2.C. Sensitivin and maximal contractile responses of theufebraochesof the femoral artery to 3-4
weeks old chickens exposed lo in ovo hypoxia or nonnoxia.
i ovo hypoxia
malc(n-4) famaie(n-ll) male(n-6)
• *-.•• , - i . w , :••*••*
NE 5.5710.18 5.57*0.0» 5.5610.11 5.49±0.0t
PHE 4.7110.40 4.8710.26 5.0410.11 4.89*0.22
- . . v ;
5HT -—-•-•• 4.0910.10 6.1310.06 6.0610.08 5.7110.21
0.2710.09 0.22*0.07 0.26*0.09 0.23*0.06
: N/m)
63mMK* 106*0.46 148*0.30 1.73*0.11 2.9310.56
NE 4.31*0.29 4.4510.19 3.65*0.49 4.56*0.25 '
PHE •-"*""• 1 1 2 1 0 . 5 8 2.42*0.33 3.12*0.75 3.14*0.40
EFS ;;,, , . , - , * 0.83*0.27 0.93*0.15 0.58*0.18 1.05*0.17 M. !
5HT . 4.56*0.27 4.99*0.32 4.30*0.45 4.63*0.28
Tank 2.D. Sensitivity and maximal contractile responses of the side branches of the femoral artery in 14-
15 weeks old chickens exposed to in ovo hypoxia or normoxia.
sensitivity (pD.) ••
in ovo nonnoxia in ovo hypoxia
mafc(n-5) female (n-10) male (n-8) hmab(n- l2)
NE 5.44*0.11 5.40*0.11 5.30*012 5.53*0.08
PHE 5.02*0.07 (n-8) 5.20*0.05 (n-9) •
EFS 3.15*0.16 3.56*0.50 3.44*0.25 3.23*0.35
5HT 5.93*0.28 6.19*0.13 5.9010.12 6.23*0.13
cocaine (ApD;) 0.43*0.06 0.61*0.10 0.48*0.07 0.46*0.12
m««mi«l contraction (L»,v N/m)
63mMK* 3.34*0.56 4.16*0.62 4.43*0.86 3.4H0.64
NE - 8.37*0.63 1.3010.55 7.9111.04 7.40*0.63
PHE * 5.66*0.77 5.70*0.91
EFS 4 ' 3.44*0.64 114*0.51 3.60*0.67 1.40*0.29 8
5HT - -A 8.53*0.88 8.00*0.52 7.94*1.00 6.96*0.48
Mean 1 SEM. results of 2-way ANOVA analysis are depicted as follows:
chickens exposed to in ovo hypoxia and normoxia. { denotes differences between male« and females. /
denotes interaction between the intervention and gender.
NE=norepmephnne. PHL=phcmlcphnne. 1 KS= l.lectrical Field Stimulation of peri-artenal nerve«,
5HT=serotonin. . tyr=tyramine " f o r bFS. sensitivity was expressed as the frequency (in H/) at which
half maximal contraction was achieved. Of tyramine and K* only one concentration was used, "cocaine
>;)" represents the difference in pD; values for NE in the presence and absence of cocaine.
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Tabk 3.A. Sensitivity and maximal relaxing responses of the femoral artery in 3-4 weeks old chickens
expoted to in ovo hypoxia or nonnoxia.
sensitivity (pDi)
in ovo nonnoxia in ovo hypoxia

























Tabk 3.B. Setuitivity and maximal relaxing responses of the femoral artery in 14-15 weeks old chickens
exposed to in ovo hypoxia or nonnoxia.
sensitivity (pD;)
taovo nonnoxia in ovo hypoxia
mak(n-6) tcmale (n-8) male(n-9) female (n-12)
ACIIi , - 6.57lO.I6(n=l0) 6.3710.17 (n=15)
SNP 4.9810.06 5.1610.16 5.0210.10 5.0810.06
maximal relaxation (E^,: %) **
ACH # 45.3816.96 38.8516.05
SNP 62.0613.47 67.4414.11 59.9013.84 70.8213.65
A L - N A M E . K * 3 . 2 6 1 0 . 5 1 (n-8) 3.7510.50 (n=13)
m'. Statistical analysis of arterial sensitivity of the femoral artery of 3-4
weeks old chickens to acetylcholine (ACH), an endothelium-dependent vasodilator, showed
significant interaction between the intervention and gender, which may suggest that in ovo
hypoxia had different effects on male and female arteries (table 3.A.). Arterial sensitivity to
sodium nitroprusside (SNP). an exogenous NO-donor. w^s comparable in all groups. Maximal
responses to these vasodilators were not influenced by in ovo hypoxia or by differences in
gender (table 3.A.). Blockade of NO-synthase with L-NAME increased contraction to 63
mmol/1. K' and reduced arterial sensitivity and maximal responses to ACH. but effects were
comparable in arteries of chickens exposed to in ovo normoxia and hypoxia (table 3.A.).
Of the femoral arteries of 14-15 weeks old chickens almost 30% did not respond to
ACH and in 15 % of the responding arteries a concentration-response relation was difficult to
determine. No response and responses without clear concentration-dependency were observed
more often in males than in females. In responding arteries no effects of exposure to in ovo
hypoxia were observed (table 3.B.). Sensitivity and maximal relaxation to SNP were not
affected by in ovo hypoxia or by gender differences (table 3.B.). Effects of L-NAME on ACH-
induccd relaxation were not evaluated, but L-NAME did increase contraction in response to 63
mmol/l. K' without any differences between femoral arteries of chickens exposed to normoxia
or hypoxia (table 3.B.).
Side /wwjctes. From table 3.C. it can be obsened that no differences in sensitivity or
maximal responses to either ACH or SNP between 3-4 weeks old male and female chickens
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TaMc 3.C. Sensitivity and maximal relaxing responses of the side branch of the femoral arten in 3-4 <•;































Table 3.D. Sensitivity and maximal relaxing, responses of the side branch of the lemoral artery in 14-13
weeks old > V t f cxpoaed to in ovo hypoxia or normoxia. •'-





































Mean 1 SEM. results of 2-way ANOVA analysis are depicted as follows: ' denote* diflaranoM bttw—
chickens exposed lo in ovo hypoxia and nonnoxia jj denotes differences between males and female*. /
denotes interaction between the intervention and gender.
ACH=acetylcholine. SNP=sodium nitroprusside. ** the effect of I -NAME on K'-contraction is
expressed in N/m in stead of %. , . , . . . , . .
# values of responding arteries only • .
exposed to in ovo normoxia or hypoxia were observed. However, the effect of L-NAMI. on K*-
induced contraction was smaller (or even absent) in chickens exposed to in ovo hypoxia
compared to control chickens. Sensitivity and maximal responses to ACH were reduced to the
same extent in all groups (table 3.C.).
Sensitivity of side branches to SNP was comparable in all groups at the age of 14-13
weeks, but maxima) responses to both SNP and ACH were significantly smaller in males than in
females (table 3.D.). In ovo hypoxia did not affect these responses. Side branches of the femoral
artery of male chickens were also less sensitive to ACH than those of females, but sensitivity
was not affected by in ovo hypoxia. However, the effect of L-NAML on K'-induced contraction
and on sensitivity to ACH was significantly smaller after in ovo hypoxia (fig 5.A. and 5.B..
table 3.D.).
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Fig. 5.A. Effect of 1,-NAMF on contraction induced by K* (AAWT) in side branches of the femoral artery
of 14-15 vveckx old chickens (males and females together) that were exposed to in ovo normoxia (open
ban) and hypoxia (hatched bare). In ovo hypoxia reduced the effect of L-NAME. * P<0.05
Pig. 5.B. Effect of l.-NAME on sensitivity to acetylcholine (ApD.<) in side branches of the femoral artery
of 14-15 weeks old chickens (males and females together) thai were exposed to in ovo normoxia (open
ban) and hypoxia (hatched bare). In ovo hypoxia reduced the cfleet of L-NAME. * P<0.05.
.V/n/(7w«/ /x/rome /pr.v
Table 4.A. shows that in ovo hypoxia did not change media cross sectional area (CSA)
of femoral arteries and side branches of 3-4 and 14-15 weeks old male and female chickens.
While media CSA was comparable in males and females at 3-4 weeks of age. 14-15 week old
roosters had significantly larger media CSA than hens. Arterial lumen radius was not modulated
by the intervention or by gender (table 4.B.).
Differences in DNA content of male and female femoral arteries were apparent at 3-4
weeks of age. but did not reach statistical significance in 14-15 weeks old chickens (table 4.C.).
In ovo hypoxia did not affect DNA content of the femoral artery. DNA contents of the heart of
3-4 and 14-15 weeks old chickens were comparable in all four groups (table 4.C.).
As numbers were small, only effects of in ovo exposure to hypoxia (regardless of
gender) on peri-arterial nerve density were statistically analyzed, but no differences were
observed in femoral arteries and side branches of 3-4 weeks old chickens nor in side branches of
14-15 weeks old chickens (table 4.D.).
Discussion
The present stud) shows that exposure to moderate chronic hypoxia during in ovo
development resulted in distinct alterations of arterial smooth muscle function, responses to
pcrivuscular sympathetic nerve stimulation and endothelial function in chickens after hatching.
At this stage in life this was not accompanied by elevations in blood pressure.
In previous studies, we showed that exposure to chronic moderate hypoxia from day 6
to day 1*) reduces embryonic growth and leads to sympathetic h>perinnervation (53. chapter 4)
and endothelial dysfunction (52. chapter 6) of the femoral artery at embryonic day 19.
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Table 4.A. Media cross sectional area of femoral arteries and side branches of 3-4 and 14-15 weeks old
chickens exposed to in ovo hypoxta or nonuoxia
media cross sectional area (x 10' um*)
t ovo normoxia jpovo hypoxia
female SMla female
FA 3-4w 95.4717.17 (o-9) 86.78*4.9« (a-12) 9 7 J 4 t M 0 ( v 4 ) <M.KIt< mim it»
SB 3-4 w 16.8012.43 (n-4) 17.4711.73 (n-10) 16.33*1.63(0-4) 18. l i t 1.20 <n•••«>
FA 14-15 w 3O5.2Qt22.71 (n-6) 228.02116.02 (n-9) 314.57123.41 (n-9) 2I7.15±!2.6«> (n-12)
SB14-15w 74.5118.53 (n-5) 46.3411.63 (n-10) 63.6316.40 (n-8) 49.7214.64 (n-12) fi
Table 4.B. Lumen radius of femoral arteries at




of 3-4 and 14-15 week»
in ovo hypoxia
old chiokna
male female male female
FA 3-4 w 32015.66 (n-9) 314*6.78 (n-12) 31416.80 (n-8) 317*6.24 (n-10)
SB 3-4 w 14315.76 (n-4) 15815.75 (n-10) 14517.05(0-4) 14614.17 (n-8)
FA 14-15 w 611135.01(0-6) 585129.98 (n-9) 566129.88 (n-9) 593130.56 (n-12)
SB14-15w 274113.39(n-5) 26416.61 (n-10) 25914.74 (n-8) 260*9.45 (n-12)
Tabk 4.C. DNA content of femoral arteries and hearts of 3-4 and 14-15 weeks old chickens exposed lo
ui uvo nypoxia or nonnoxia
DNA content (pig/mm arterial length. }jgAng wet weight)
in ovo nonnoxia in ovo hypoxis
FA 3-4 w 0.8910.05 (n-7) 0.7610.03 (n-9) 0.8110.05 (n-9) 0.74*0.04 (n-S)f
heart 3-4 w 2.2010.16 <n-8) 2.0910.11 (n-10) 2.2410.09 (n-10) 2 I9±O.I3(n-9)
FA 14-15 w l.l6±O.I4(n-7) 1.0310.07 (o-S) 1.1910.10(n-5) 1.0610.12(0-6)
heart 14-15 w 2.1210.12 (n-7) 11410.07 (n-5) 2.1410.10(0-5) 2.IO1O.I3 (n-6)
Table 4.D. Pcri-arteial s>mpathetic nerve density of arteries of 3-4 and 14-15 weeks old chickens
exposed to in ovo hypoxia or nonnoxia
peri-arterial nerve sympathetic denaky (cats/10* pm')
in ovo nonnoxia in ovo hypoxia
FA 3-4 w 14.2010.39(0-12) 14 0810.58(0-10)
SB 3-4 w 13.3810.62(0=10) 14.7710.40 (art)
SB14-I5w 13.7010.58 (n^g) 13.8010.49 (n-5)
Mean 1 SEM. FA= femoral artery. SB-side branch, w-v^ek. resuhs of 2-way ANOVA analysis are
depicted as follows: * denotes differences between chickens exposed to in ovo hypoxia and normoxia. f
denotes differences between males and females. / denote» interaction between the intervention and
gender.
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Sympathetic hypennnervation precedes media thickening, hypercontractility and the
rise in blood pressure in spontaneously hypertensive rats (32. 18). Reduced NO production may
also modulate vascular smooth muscle cell proliferation (66) and contractility. Therefore, we
hypothesized that, following exposure to in ovo chronic hypoxia. persisting arterial sympathetic
hyperinnervation and cndothelia] dysfunction may lead to increased arterial media thickness and
contractility consequently resulting in hypertension.
Neither the percentage of chickens that hatched nor the incubation period until hatching
were affected by in ovo exposure to hypoxia. While we (53) and others (43) have previously
shown that chronic hypoxia reduces growth of the chicken embryo, this was not reflected by
differences in body weight at I day after hatching. From day 19 of incubation onwards embryos
were replaced in normoxia. During this period body weight was almost duplicated and weight
differences between chickens exposed to in ovo normoxia and hypoxia disappeared. The
presence of cardiovascular effects after in ovo hypoxia without changes in weight at hatching,
confirms studies that suggest that cardiovascular consequences of prenatal insults do not
necessarily gu together with reduced birth weight (21). However, growth after hatching was
reduced until 3 weeks after hatching in chickens that had been exposed to in ovo chronic
hypoxiu. Similur perinatal growth patterns have been observed in rats that develop hypertension
in later life (SHR. 36) and in chickens exposed to in ovo chronic hypoxia by partial covering of
the eggshell (3). After 3 weeks of age the chickens in the intervention group caught up with
controls. Some studies propose that particularly postnatal catch up growth is critical in the
development of cardiovascular disease in later stages of life (14). We did not determine food
intake of the chickens. It is. however, noteworthy that fetal malnutrition has been described to
affect neonatal appetite and to increase the risk for obesity (64).
In addition to total body weight, specific organs seemed to be affected by in ovo
exposure to chronic hypoxia. In 3-4 weeks old chickens, increased relative adrenal weight was
observed. Increases in fetal adrenal weight and upregulation of adrenal enzymes after chronic
hypoxia and placcntal restriction (23. 25) have been described. Our results suggest that these
effects persist to some stage in postnatal life. In older chickens (14-15 weeks) no differences in
relative adrenal weight were demonstrated, but relative weight of the heart and kidneys was
increased by in ovo chronic hypoxia. The characteristics of the larger hearts and kidneys of
these animals were not further examined. However, the enlarged heart may suggest cardiac
hypertrophy, which is an independent risk factor for cardiovascular disease (10). Effects of
adverse intrautcrinc conditions on the renal structure and function resulting in hypertension in
later life have been proposed (31. 7).
, . 3 . . . . .
Chickens, like other avion species, have higher blood pressures than mammals and are
prone to develop hypertension, especially males (28. 46. 56). The basal MAP and HR levels,
which we observed were in agreement with earlier data (28. 46). The changes in these
parameters after pharmacological blockade of vagal and sympathetic nervous input were
comparable to those observed in mammalian species, as was previously proposed (59. 45. 28).
Alterations in MAP and HR following blockade did not differ between chickens that had been
exposed to in ovo normoxia and hypoxia. Basal blood pressure and heart rate were not
modulated either. However, the intervention did induce changes in arterial properties.
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In ovo chronic hypoxia increased maximal responses of the femoral artery of 3-4
old chickens to adrenergic (NE. PH£) and non-adrenergic stimulation (5HTK suggesting that
contractile capacity was affected in an aspecific way. ITte increases in maximal contraction can
probably not be explained by increases in the number or size of the vascular smooth muscle
cells, which is indicated by comparable DNA contents and media cross sectional areas in
arteries of chickens exposed to in ovo chronic hypoxia and control chickens. I-urthermore,
responses to 63 mmol/L K' were not significantly altered by the intervention, suggesting that
particularly pharmaco-mechanical coupling was affected. The observed change in contractile
capacity may then be sought in alterations in second messengers or calcium handling (51). It is
interesting to note that, besides maturation (50). rapid growth patterns (47) have been associated
with increases in arterial contractility in chickens.
While maximal contraction was not altered in 14-15 weeks old chickens, sensitivity to
electrical stimulation of peri-arterial nerves was increased by in ovo chronic hypoxia.'
Application of tyramine. which releases norepinephrine from the perivascular nerves (60). alao
resulted in increased contraction. At this stage, this was not accompanied by changes in arterial
media cross-sectional area. DNA content or responsiveness to exogenous norepinephrinc. Cheat
data indicate that the sympathetic nerve endings of femoral arteries of chickens that had been
exposed to in ovo hypoxia contained more norepinephrinc ami or that this was released at lower
levels of stimulation than in arteries of control chickens. Resting circulating levels of NT. in
avian species are thought to be mainly derived from the vascular sympathetic nerve endings
rather than from the adrenal (56). The large decrease in 1IR during ß-blockadc and in MAP
during ganglion-blockade in addition to high lev els of plasma catecholamines we observed may
indicate that resting sympathetic and adrenal activity in chickens is high, as was suggcuted
before (28. 56). However, in ovo hypoxia did not significantly affect any of these parameters.
Therefore, our findings in the femoral artery probably do not indicate increased sympathetic
nervous activity, but an alteration in the function of the peri-arterial sympathetic nerve endings.
,,;J. In the present study we demonstrate that effects of in ovo chronic hypoxia on
endothelial NO were apparent in side branches of the femoral artery of chickens 3-4 weeks and.
even more pronounced. 14-15 weeks after hatching. Although we have not investigated this in
side branches of the femoral artery of chickens after hatching, responses to acetylcholine in the
femoral artery are entirely endolheliurn-dependent in the chicken embryo (34). (-.ndothclium-
dependency of acetylcholine-induced relaxation was also demonstrated in adult chicken aorta
and pulmonary arteries (16. 40). Decreased arterial endothelial function as a result of chronic
hypoxemia has been described in the mammalian fetus (37. 61) and in rats that were exposed to
maternal food restriction during the second half ol gestation (22). Io our knowledge this
parameter of vascular dysfunction has not been studied postnatally in systemic arteries of
animals that were exposed to a long term hypoxemic insult in utero.
It should be noted that, in contrast to the side branches, relaxation to ACH in the main
femoral artery of these chickens was poor. This has also been described in studies that
investigated these responses in adult chickens (42).
Many questions remain with regards to region-selectivity of effects, the lack of
persistence of alterations observed in embryos and consequences for hemodynamic parameters,
and the mechanism behind the arterial <ft^gr« jiKhwrri by in ovo exposure to chronic hypoxia.
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In chicken embryos, we previously demonstrated increases in arterial sympathetic nerve
density and neuronal NL reuptake (53. chapter 4). While responses to stimulation of the per-
arterial nerve endings were increased in 14-15 weeks old chickens that had been exposed to in
ovo hypoxia, no apparent signs of alterations in sympathetic nerve density or neuronal NE
uptake were demonstrated in chickens after hatching. The sympathetic nerves have generally
been regarded as robust structures, which, once fully developed, are not subject to many
changes. In the chicken the development of the sympathetic nervous system largely occurs
before hatching (20). We therefore expected the changes in nerve density, induced by chronic
hypoxia as observed in the embryo (53. chapter 4). to persist after hatching. This lack of
persistence may indicate that in the period from embryonic day 19 until hatching or thereafter
(when chicken embryos and chickens were kept in normoxic conditions and body weight
substantially increased) neuronal development can still be modulated. Indeed, in sympathetic
ganglia of the chicken, increases in tyrosine hydroxylase activity occur up until two days after
hatching (8). The course of developmental changes in arterial nerve fiber density remains to be
established. Dynamic processes of proliferation and apoptosis of neurons under the influence of
target-derived growth factors and gene-products, that promote or inhibit neuronal survival (9),
ultimately determine the number of peri-arterial nerve fibers.
In the present study, effects of in ovo chronic hypoxia on maximal contractile properties
were mainly observed in the femoral artery, whereas effects on (endothelial) NO were apparent
in the side brunches of this artery. Regional selectivity of effects of chronic hypoxia has been
demonstrated in adult and fetal arteries (I . 37). As lumen diameter of the side branch of the
femoral artery of 14-15 weeks old chickens was in the same range of femoral artery lumen
diameter at embryonic day 19, the effects of hypoxia on the endothelial function of side
branches could also be related to vessel size.
Changes in arterial properties were not accompanied by alterations in heart rate or blood
pressure. As both in humans and in animal models hypertension is most commonly observed in
middle age. the 14-15 weeks old chickens, which are only just becoming sexually mature, may
have been too young to show distinct differences in blood pressure. The techniques and
interventions we used only give information about hemodynamic control and the contribution of
(para)sympathetic activity under basal conditions. Others have found that prenatal hypoxemia
results in altered fetal and postnatal sympathetic activity in stress situations (38. 26). As we
observed increased release of NK during stimulation of the arterial sympathetic nerve endings,
differences in hemodynamic responses may become apparent when the sympathetic nervous
system is highly activated, for instance by exposure to acute hypoxia or (psychosocial) stress.
Hypoxia ma\ also be a risk factor for other cardiovascular disease than hypertension. In
chickens, the incidence of atherosclerosis is high (15. 5) and vascular plaques are frequently
observed prior to sexual maturation (50). Changes in endothelial function, like we observed in
the side branches of femoral arteries after in ovo hypoxia. are observed in atherosclerosis (63)
and have been associated with the presence of atherosclerotic lesions in chickens (17. 50).
Future research is implied to allow us to elucidate the mechanisms behind the vascular
effects induced by in ovo exposure to hypoxia. The diversity of effects after hatching and
differences in sites of action provoke speculations on resetting of cardiovascular control systems
rather than the induction of persistent changes in structure by chronic moderate hypoxia during
development. Although we did not observe changes in corticosterone levels, others have
proposed that resetting of MPA-axis plays an important role in the association between adverse
intrauterine conditions and hypertension (48).
In conclusion, we have shown that in ovo exposure to chronic hypoxia alters function of
the arterial sympathetic ncrv c endings and endothclium in chickens after hatching. These type of
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alterations have also been demonstrated in cardiovascular disease (for review: 27.63) and have
been suggested to link 1UGR to cardiovascular disease in human adults (49. 39. 12. 33).
Therefore, we suggest that the etTects of prenatal hypoxia on arterial properties have to be taken
into account when cardiovascular outcome is considered.
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l-.pidcmiologkal and animal studies have provided evidence for a relationship between
low birth weight and cardiovascular disease at later stages in life (3). Adverse intrauterine
conditions may compromise fetal growth, but may also alter developing organ systems in such a
way that this will increase the risk for cardiovascular pathology in later life.
In the studies presented in this thesis the effects of intrauterine conditions that may
compromise fetal growth (chronic hypoxia and protein malnutrition) on arterial properties, in
particular sympathetic inncrvation and endothelial function, were evaluated. The chicken
embryo proved to be a suitable model for this purpose as chapter 2 and 3 show that these
properties can be investigated in isolated arteries at embryonic day 19. Furthermore, this model
enables separate investigation of effects of chronic hypoxia and protein malnutrition on fetal
arterial properties without interference of maternal metabolic, endocrine and cardiovascular
influences (chapter 4. $ and 6). Consequences of these interventions for later stages of life were
studied in chickens aller hatching (chapter 7).
Growth retardation and vascular changes
In the chicken embryo, protein malnutrition and chronic moderate hypoxia both
interfered with growth resulting in reduced total body weights at embryonic day 19.
Inicrcstinglv. only exposure to chronic hypoxia was accompanied by alterations in arterjaj
properties (chapter 4. 5 and 6).
Both reductions in felal nutrients and of oxygen availability have been demonstrated to
result in intrauterine growth retardation in various animal species and humans (69. 26. 35. 63).
However, there may be some fundamental differences in the way chronic hypoxia and
malnutrition restrict growth and in the fetal responses they induce. Normal fetal growth and
development require adequate provision and utilization of nutrients. The nutrients, most
importantly glucose. I act ate and amino acids, are used for the accretion of tissues and as fuel
reserves (fat and glycogen). In addition, a large part of the nutrient pool is oxidized to provide
energy to the growing tissues. During undemutrition. fetal oxygen consumption and thus the
nutrient requirements for oxidative metabolism do not change. To maintain the balance between
nutrient supply and demand, fetal growth rate is reduced (19. 63. 55). During hypoxic
conditions cellular energy metabolism is disturbed (46. 63). Energy derived from oxidation
under these conditions is mainly used to maintain vital functions in the fetus at the expense of
growth. Thus, while malnutrition results in a limitation of building materials, hypoxia interferes
with the energy required for the building process.
Not only metabolic responses to fetal malnutrition and chronic hypoxia are different,
but endocrine adaptations may vary as well. Insulin, which stimulates glucose utilization and
uptake, and lül -I may be more affected by malnutrition resulting in a lowering of fetal plasma
levels (14. 63. 3D than by hypoxemia (50. 81). Thyroid hormones (involved in oxidative
processes) may also be differently modulated by reduced oxygen than by reduced nutrient
availability (14. 63. 55). In addition, many paracrine factors (such as VEGF). enzymes (tyrosine
hydroxylase. eNOS). genes and transcription factors (bcl-2. CREB. HIF-I) are known to be
modulated by oxygen availability (as will be discussed), whereas others are particularly affected
by specific nutrients (13).
However, together with differences in metabolic, endocrine, paracrine. enzymatic and
genetic control, the specific cardiovascular response induced by hypoxemia may explain why
chronic hypoxia did and malnutrition did not induce changes in arterial properties of the chicken
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embryo as described in this thesis (chapter 4. 5 and 6V The chemoreflex response. 4
by a redistribution ot* the cardiac output to vital organs at the expense of peripheral'
beds, is an instant adaptation of the fetus to hypoxia to survive. This response directly affects
arteries by altering the concentration of vasoactive hormones (in particular
sympathetic input and blood Him (24. 23. 59). 1 hcse arterial changes may be I
prolonged fetal exposure to hypoxia (41. 79. 75).
Thus, the type of adverse intniuterine condition rather than httnutafine growth
retardation per se may determine consequences for the developing fetus. Studies in other
experimental animal models have demonstrated effects of prenatal adverse conditions without
concomitant reductions in fetal or birth weight (15. 32. 35).
Fetal programming of hypertension as a result of maternal undemutrilion hus been
described in many animal studies. In the chicken embryo, malnutrition did not modify arterial
properties (chapter 5 and 6). It is possible that early alterations in arterial properties are not
involved in the malnutrition-induced programming of hypertension. Alternatively, the changes
may become apparent in early postnatal life as described by others (64) or the timing of the
insult (protein malnutrition affects the chicken embryo from day 12 of incubation (60)) explains
the absence of apparent changes, as has been proposed before (35). Alternatively, intrauterine
exposure to malnutrition may program hypertension via other mechunisms than early changes in
arterial properties. For instance, there is now substantial evidence that structural und functional
changes of the fetal and adult kidney are associated with the fetal programming of hypertension
(45. 53. 4).
When considering maternal malnutrition as an explanation of the link between IlKiR
and hypertension or cardiovascular disease in later lite, u levs aspects might have to be taken
into account. The impact of maternal nutrition on the fetus is dependent on maternal nutrient
uptake, maternal metabolism and endocrine milieu, uterine and umbilical blood tlow und
placental transfer and metabolism (30). Therefore maternal malnutrition can not directly be
translated to fetal malnutrition. Moreover, while maternal undernutrition can reduce fetal
growth in many animal species, it does not seem to have large effects in human Ictuses (30).
Impaired placental function, a combination of both fetal undemutrilion and chronic hypoxia. is a
much more common cause of human intrauterine growth retardation (44, 69. 70. 73). The
findings that maternal undernutrition may reduce vasodilatation of the uterine artery (3V).
uterine blood flow (9) and placental function and size (9. 14. 25). which may result in
concomitant fetal hypoxemia. also emphasize the important contribution of chronic hypoxia to
adverse intrauterine conditions. Considering this and the results in this thesis (chapter 4. 5 and
6). which show alteration of arterial properties by chronic hypoxia. the role of prenatal chronic
hypoxia in the fetal programming of cardiovascular disease deserves considerable attention.
Effects of prenatal chronic hypoxia on fetal arterial sympathetic inaervatton and
endothdial function
The chemoreflex is a very important cardiovascular response to promote fetal survival
during an acute decrease in oxygen availability. Both in chicken embryos and mammalian
species catecholamines are released from the adrenal medulla and. at the end of gestation, from
the peri-arterial sympathetic nerves (23. 24. 57. 59) during acute hypoxia. The peripheral
vasoconstriction that contributes to redistribution of the cardiac output during acute hypoxemia
is largely mediated by these catecholamines. that interact with arterial a-adrenoccptors (24. 23.
58). In this thesis, it was demonstrated that exposure of chicken embryo isolated arteries to an
acute decrease in oxygen tension at the end of incubation directly affects arterial function.
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While norepinephrine-induced contraction was partly reduced by acute hypoxia. endothelial
dependent relaxation was entirely abolished (chapter 3). The ultimate result of these responses,
namely contraction, indicates that these direct efleets of acute hypoxia may contribute to the
increase in peripheral vascular resistance during in vivo fetal hypoxemia.
The arterial endothelium and sympathetic innen.ation may not only play a role in the
adaptational response to acute hypoxemia. but may also be modulated during more prolonged
exposure to hypoxia. Genes encoding enzymes catalyzing the synthesis of catecholamines. such
as tyrosinc hydroxylase and dopamine (J-hydroxylase. contain hypoxia-response elements (HIF-
l a (61. 54). C'RHB (5. 43. 38)). Upregulation of tyrosine hydroxylase has been reported after
several days of hypoxia (36). Similarly, it has been demonstrated that prolonged episodes of
reduced oxygen availability decreases levels of eNOS mRNA (52. 49. 17).
During even more prolonged fetal exposure to hypoxia circulating catecholamine levels
also seem to be elevated (79. 75). These have been proposed to contribute to the maintenance of
the redistribution of the cardiac output, also observed during acute episodes of fetal hypoxemia
(41) and indicate that the fetal sympathetic nervous system may also be affected during chronic
hypoxia. In this thesis, data were presented demonstrating that fetal exposure to chronic hypoxia
increased prcsynaptic rcuplakc of norepinephrine in the femoral artery (chapter 4) of chicken
embryos at the end of the incubation period. This is consistent with studies in fetal sheep that
were exposed to chronic hypoxia via the mother (6. 48). The data (chapter 4) suggest that
increased arterial neuronal reuptake of norepinephrine after chronic hypoxia may be due to an
increase in the density of sympathetic pcri-artcrial nerve endings. It was suggested before (48)
that chronic moderate hypoxia may accelerate or stimulate the maturation of the arterial
sympathetic innen, ation. Although we and others did not observe an augmentation of
sympathetically mediated arterial contraction (6 and chapter 4) nor increased post-synaptic o>
adrenergic contraction (chapter 4 and 85. 48) after chronic hypoxia. this may result in altered
function at later stages of development.
Functional consequences of chronic moderate hypoxia on the endothelium have been
observed. This thesis shows that arterial endothelium-dependent relaxation to acctylcholine was
substantially altered by chronic hypoxia in chicken embryos (chapter 6). Although acetylcholine
may induce the release of multiple factors from the endothelium in the chicken embryo (chapter
2 and 87), the endothelial NO system in particular seemed to be affected by prolonged exposure
to hypoxia. Impaired endothelium dependent relaxation and reduced stimulated NO-release has
also been shown in chronic hypoxemic mammalian fetuses (82).
Increased arterial sympathetic innen ation and decreased endothelium-dependent
relaxation would contribute to peripheral vasoconstriction and thus to the redistribution of the
cardiac output during chronic hypoxia to maintain blood flow to vital organs. However, to
conclude whether the observed changes participate in long-term fetal cardiovascular
adaptations, information on blood flow and pressure in the femoral artery of the chicken embryo
during chronic hypoxia is required.
Factors that may be modulated by hypoxia and effects that were described in this thesis
are depicted in tig. 1. Potential mechanisms and interactions are discussed below.
Mechanisms
Hypoxia not onlv interferes with arterial properties during acute exposure, but this
thesis demonstrates that arterial sympathetic innen ation and endothelial functions are also
affected during chronic hv-poxia (chapter 4 and 6). The mechanisms behind the increase in
arterial sympathetic nerve fiber density and endothelial NO dysfunction can be speculated on.
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In addition to direct effects of hypoxia on enzyme systems, interactions and i
may be involved. For instance, mechanical stimuli, which may be altered during adaptation to
chronic hypoxia. may interfere with eNOS activity and expression. Reduced shear Stress, as a
result of decreased blood flow, decreases eNOS activity and expression (83. 49. 88). Elevated
hydrostatic pressure has been reported to exert similar effects (49). Furthermore, in response to
hypoxia mitochondria release reactive oxygen species, that, in addition to functioning as second
messengers to modulate transcription factor activity (8). may decrease NO availability and NOS
activity (65).
ACUTE












Fig. 1. Effects of hypoxia on arterial contractile, sympathetic and cndothclial properties in the embryo
during acute, prolonged and chronic exposure and possible interactions between effects. Dashed linci
indicate interactions and speculated mechanisms. Bold items indicate findings that were presented in this
thesis. CA=catecholamines. NF=norepinephrine. ROS=Reactive oxygen species.
Increased norepinephrine levels or a-adrenergic stimulation, which also occur during
chronic hypoxemia. can stimulate NGF production leading to increased outgrowth and survival
of sympathetic nerve fibers (84. 21. II). In addition to circulating hormones and mechanical
stimuli, paracrine factors may be activated by hypoxia. An important growth factor, which is
upregulated in response to low oxygen levels, is vascular endothclial growth factor (VFiOF. 74).
Transcription of the VF.GF gene can be activated by hypoxia-inducible factor (HIF-I. 18).
VEGF has been reported to stimulate axonal outgrowth through interaction with the receptors
present on neurons in sympathetic ganglia (77. 78). Deletion of the hypoxia-responsive element
in the VEGF promotor causes degeneration of motor neurons (62). Taken together, these data
suggest that activation of VEGF could be an interesting candidate mechanism to explain
hypoxia-induced increases in nerve density. Moreover, as NO has been reported to inhibit HIF-1
(76, 37) and to suppress hypoxic induction of VEGF mRNA and protein production in vascular
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smooth muscle cells (47). reductions in NO availability during chronic hypoxia may even
augment the effects of VEGF. Stimulatory effects of VEGF on eNOS, in turn may counteract
this effect (90). '-dMt>"*xti»£>*$»* -!»£.«Jrvö»:i« j#Ä»Ai#f -«3*3!^• ^«i^.sw<w«*''«<wiäfe
While stimulatory processes are important in the development of mnervation,
physiological breakdown of neurons due to cell death also takes place (28. 56. 20. 21). Ultimate
nerve density is determined by the balance between factors promoting and factors inhibiting
apoptosis. An important inhibitor of neuronal apoptosis is BCL-2. of which the gene expression
can be modulated by interaction with cAMP responsive element binding protein (CREB) (2).
CRL:B can be phosphorylated in response to hypoxia (5). When phosphor, Iated. it facilitates the
transcript ion a I activity of genes containing a CRH motif, like bcl-2. Activation of BCL-2 via
hypoxia-induccd CREB phosphorylation (22) may therefore prevent neuronal apoptosis (2).
Again NO may have a modulator role, as it has been proposed to function as a pro-apoptotic
factor for neurons in association with reduced BCL-2 levels (89. 80). Reduced NO availability
during chronic hypoxia would therefore stimulate BCL-2 mediated neuronal protection.
The hypoxia-induced or -activated enzymes, growth factors, hormones, transcription
factors and genes arc interesting candidates to elucidate the mechanism behind the effects of
chronic hypoxia on arterial sympathetic innervation and endothelial function as described in this
thesis (fig. I), Their role in the developing fetus during normoxic conditions and prolonged
exposure to reduced oxygen availability remains tobe established. ••..( • -• :• • -,,:;
Effects of exposure to chronic hypoxia during development on arterial properties after
h a t c h i n g - ; » i t i ; . ' ; n - . . • • . [ > . - , • • • , , . *< * « * : • . - • ,.--r •_• •. - • > • : ' • • . , . - . . - . . .
. I*rogramming is a well-established biological phenomenon that concerns events or
insults operating at critical/sensitive periods during development, which result in long-term
postnatal changes in the structure or function of the organism (30). The ability of pre- and
perinatal hypoxia to induce changes that have consequences on postnatal life has been
demonstrated before. Psychobiological studies describe effects of periods of hypoxia in
postnatal cognitive function in mammalian species and chickens (7. 1).
In this thesis, evidence was provided that prolonged exposure to hypoxia during
development also affects arterial sympathetic, smooth muscle cell and endothelial function in
the chicken after hatching (chapter 7). Interestingly, these changes were not the result of the
persistence of the arterial alterations observed at embryonic day 19.
While in the chicken embryo increased nerve density in the femoral artery was
observed, sympathetic function was modulated without signs of altered numbers of peri-arterial
nerve libers or neuronal norepinephrinc reuptake in chickens 14-15 weeks after hatching. From
day 19 of incubation embryos were replaced in normoxia. In the period until just after hatching
weight almost doubles and becomes comparable to weight of hatchlings that had not been
exposed to chronic hypoxia. The absence of notable structural differences in sympathetic
innen alion in older animals could indicate that this period of substantial growth from
embryonic day 19 until hatching or thereafter allows substantial modulation of the number of
sympathetic peri-arterial nerve libers in the chicken embryo or chick. While neurons in
sympathetic ganglia of the chicken embryo undergo progressive maturation up until two days
after hatching as indicated by increases in enzymatic activity (16). the course of developmental
changes in arterial nerve liber density is largely unknown. However, in the CNS. hypoxia has
not only been suggested to protect from neuronal cell death, but hypoxia-induced delayed
. apoptotic cell death in selective populations of cells, including neurons (89. 29). has also been
described. Provided thai such a process plays a role in arteries of the developing chicken
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embryo during chronic hypoxia. removal of the hypoxic stimulus would result in postpoDod
neuronal cell death and possibly a decrease in nerve density. /*«• *.*»mi«»q,-.- a* *d*
Although signs of endothelial dysfunction vswe present before and after hatcasssy
(chapter 6 and 7). changed endothelial function arter chronic hypoxia during development \MM
only observed in side branches and not in the main femoral artery, like in the embryo. This may
indicate that effects depend on the size and/or location of the artery. Vascular heterogeneity of
the actions of vasoactive substances and mechanical stimuli on the endothelium and vascular
reactivity has been frequently described (12.68. 83.10.34).
Based on the results presented in this thesis, it could be argued that rath« dun
permanently altering arterial sympathetic innen ation and endothelial dy sfunclion. exposure to
chronic hypoxia during development induces the resetting of regulatory systems, that exert
different effects during development and after birth. Systems that may play an important role in
the development of vascular structure during development and can modulate vascular tone at
later stages of life, such as the HPA-a.xis and the renin-angiotensin-system. may be interesting
to investigate in this respect. Moreover, a role for these systems in the fetal programming of
cardiovascular disease has been proposed (66. 26. 51. 72).
F u t u r e perspectives • >'< *; *-"<?»•
Arterial sympathetic hyperinnervation and endothelial dysfunction arc associated with
hypertension (40. 86) and arterial wall proliferation can be augmented by increased sympathetic
input and reduced NO levels (71. 33). We therefore hypothesized that the arterial changes
induced by chronic hypoxia in the chicken embryo (chapter 4 and 6) would result in increased
arterial contractility and wall thickness and elevated blood pressure in chickens. However, while
exposure to chronic moderate hypoxia during development resulted in altered arterial function
in chickens after hatching, no changes in arterial wall thickness or blood pressure were observed
(chapter 7).
Chickens at the age of 14-15 weeks are not fully mature yet. Hypertension is a
pathological condition that in man mostly becomes apparent in middle age: therefore studies in
older chickens may provide a better impression of the effect of exposure to chronic hypoxia
during in ovo development on arterial blood pressure. In addition, it would be interesting to
determine blood pressure in stress/stimulated conditions. Basal autonomic nervous control of
blood pressure and heart rate (evaluated by infusion of cholinergic and adrcnergic inhibitors and
by ganglion blockade) in 14-15 weeks old chickens was not altered by in ovo exposure to
hypoxia (chapter 7). However, the increased arterial sympathetic release of norcpincphrine
during electrical activation in isolated arteries of these chickens may very well result in
increased arterial constriction and blood pressure during stimulation of the sympathetic nervous
system. Methods that can be applied to achieve this include exposing the chicken to an episode
of acute hypoxia provoking a chemoreflex or by subjecting them to metabolic (cold) or
psychological stress factors. Alternatively, pharmacological tools can be used to induce a
baroreflex response.
Although hypertension is a major risk factor for many cardiovascular diseases (42).
signs of cardiovascular pathology may be present without being accompanied by elevated Mood
pressure. Atherosclerotic plaques can be observed in the chicken prior to sexual maturation (27.
67). It might therefore be interesting to investigate whether vascular lesions accompany the
observed changes in endothelial relaxing function.
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Together with attempts to unravel the mechanisms behind the hypoxia-induced effects,
these experiments may elucidate whether the consequences of prenatal chronic hypoxia on
arterial properties play a role in the development of cardiovascular disease in later life.
If so. low birth weight and other anthropometric estimates may not be adequate
measures to define individuals at risk. As suggested, the specific adverse intrauterine conditions
rather than growth retardation per se may determine effects in the developing fetus. Since
chronic hypoxia and malnutrition may exert different effects with consequences for particular
organ systems, only a range of specific markers would provide information on affected fetal
systems. • • ?
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SUMMARY
The work presented in this thesis addresses aspects of the "fetal origins of
cardiovascular disease" hypothesis. It has been proposed that adverse conditions during
intrauterine life, which result in growth retardation, increase the risk for hypertension and other
cardiovascular diseases in adult life. Disturbance of the fetal supply line (as occurs e.g. during
placental insufficiency) leads to reduced availability of nutrients and or oxygen for fetal growth.
In addition to growth retardation, malnutrition and chronic hypoxia may alter the development
of organ systems.
Since arterial sympathetic hyperinnen ation and endothclial dysfunction are important
features of cardiovascular disease in the adult, the studies described in the present thesis were
aimed to investigate the specific effects of malnutrition and chronic hypoxia on these arterial
properties. For this purpose experiments were performed in the chicken (embryo).
First, the suitability of the chicken embryo as an experimental model to study reactivity
and histology of isolated arteries was evaluated. The data presented in chapter 2 demonstrate
that peri-arterial sympathetic nerve fibers of the femoral artery could be visualized and that
neurogenic a-adrenergic contraction could be measured at embryonic day 19 (of the 21-day
incubation period). Hndothelium-dependent relaxation was observed at even earlier stages of
development (day 15). Differences that were observed between the carotid and femorul arteries
with respect to these parameters of sympathetic innervation and endothclial function may reflect
differences in their contribution to cardiac output redistribution during acute fetal hypoxemia.
In chapter 3 the direct effect of an acute insult, namely acute hypoxia. on the reactivity
of the femoral artery at embryonic day 19 was investigated. Acute hypoxia partly reduced o>
adrenergic contraction and completely abolished endothelium-dcpcndcnt relaxation. The net
effect, locally increased contraction, may participate in the peripheral vasoconstriction that is
observed during acute hypoxemia in vivo.
In the following chapters consequences of chronic exposure to hypoxia and to protein
malnutrition during in ovo development for arterial properties were studied. In chapter 4 and 5 it
was demonstrated that both chronic moderate hypoxia and protein malnutrition reduced
embryonic body weight while relative brain weight was spared. Chronic moderate hypoxia
increased sympathetic nerve fiber density and neuronal reuptake of NE in the femoral artery of
day 19 chicken embryos (chapter 4). However, growth retardation induced by protein
malnutrition was not accompanied by these signs of arterial sympathetic hyperinnen. ation
(chapter 5). Furthermore, the data presented in chapter 6 show that chronic hypoxia. but not
protein malnutrition, resulted in reduced arterial endothelium-depcndent relaxation in the
chicken embryo.
Experiments in 3 and 14 weeks old chickens were performed to evaluate consequences
of exposure to chronic hypoxia during in ovo development on arterial properties and
hemodynamic control after hatching. The data presented in chapter 7 demonstrate that blood
pressure and arterial structure (e.g. media thickness) were not altered by in ovo chronic hypoxia.
However, smooth muscle contractile properties of the femoral artery were altered in 3 weeks old
chickens. In 14 weeks old chickens, contraction induced by stimulation of the peri-arterial nerve
endings was augmented in the main femoral artery and endothelium-dependent NO production
was reduced in side branches of the femoral artery after in ovo chronic hypoxia.
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The data presented in this thesis show that in ovo chronic hypoxia alters arterial
properties, in particular sympathetic innen, ation and endothelial function, both before and after
hatching. This suggests that the effects of prenatal chronic hypoxia on arterial properties may
provide a mechanistic link between adverse intrauterine conditions resulting in growth
retardation and cardiovascular disease in adult life.
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SAMENVATTING
Dit proefschrift beschrijft studies die gericht rijn op de Stelling dat hart- en vaatriekten
mogelijk hun oorsprong vinden in de periode \oor de geboorte. Herder onder/t>ek heell
aangetoond dat men sen met een laag geboortegewichl meer kans hcbbcn op een hogc bloeddruk
(hypertensie) en andere hart- en vaalziekten op volwassen leeftijd dan mcnscn die /waar of
normaal \ an gewicht waren bij de geboorte.
Als de baarmoeder siecht functioneen. gaan er minder voedingstoflen en /.uurstol' via
het bloed van de moeder naar de vrucht. De groei \an de ongeborcn bubs /ill don uchtcrblijvcn.
De vraag is nu of de/e ongewenste omstandigheden tegclijkertijd vaatcigcnschappcn vun dc
ontwikkelende foetus zodanig veranderen dat dit later in het lev en problcmcn op »>u kunnen
gaan leveren.
De wand van bloedvaten bestaat uit verschillende wccl'sellugen. In de middclstc laag
liggen de gladdc spiercellen. die door samen te trekken of te ontspannen de diameter van het vat
kunnen verkleinen of juist \ergrotcn. IX* zogenaamdc endotheelcellen in de binnenste laug en de
uiteinden van zenuvwezels in de builcnste laag kunnen werk/ame stollen atgeven. Deze kunnen
op hun beurt op de gladde spiercellaag inwerken en de doorsnedc van het vat veranderen. Bij
mensen en diercn met hypertensie is vaak het aantal en dc activiteit van dc vezcls van het
sympathische zenuwstelsel rondom de bloedvaten toegenomen (syinpulhische hyperinncrvulic)
en de functie van de binnenste laag van de vaten veranderd (endothclialc dyslunctic). I)e
toegenomen vaatvemauwing en afgenomen vaatverwijding (met als resultaat een kleinere
vaatdiameter) die in deze situatie optreden kunnen ertoe leiden dat dc druk van hot bloed op de
vaatwand toeneemt. Een hoge bloeddruk is een belangrijke risicofactor voor een groot aantal
andere hart- en vaatziekten.
De studies in dit proefschrift onderzochten of een gebrek aan zuurstof (hypoxie) of een
tekort aan voedingsstoffen (malnutritie) niet alleen leiden lot foetalc groeivertraging maar ook
tot een verandering van vaateigenschappen. Met name de sympaiischc zenuwve/els en het
functioneren van de endotheelcellen werd bestudeerd. Om dit te onder/oeken wcrd gebruik
gemaakt van het kippenembryo en de kip als dierexperimenteel model.
Het kippenembryo ontwikkelt zieh in het ei en is dus niet op directe vvijze verbonden
met de hen. Het is dus mogelijk de uitwerking van een zuurstof- en/of voedingstekort te
bestuderen zonder dat. zoals bij zoogdieren. veranderingen die bij de moeder tijdens de
zwangerschap optreden hierop van invloed zijn. Bovendien kunnen in het kippenembryo, in
tegenstelling tot in zoogdieren. de effect en van hypoxie en malnutritie relatief eenvoudig
onafhankelijk van elkaar bestudeerd worden. De totale ontwikkeling van het kippenembryo in
het ei neemt slechts 21 dagen in beslag.
Het tweede hoofdstuk van dit proefschrift laat zien dat het mogelijk is om
vaatverwijding en -vemauwing in kleine vrijgeprepareerde arteriSn (aanvoerende bloedvaten)
uit een pootje van een kippenembryo op 19 dagen van dc ontwikkeling te metcn. Dc
zenuwvezels rondom de vaten konden zichtbaar gemaakt worden met een kleuringstechniek en
het stimuleren van deze vezels met electrische pulsen liet het vat samentrekken (contractie). De
endotheelcellen in de binnenste laag van de vaatwand (het endotheel). reageerden zclfs op
vroegere tijdstippen van de ontwikkeling (vanaf 15 dagen) al op Stoffen die ontspanning
(rdaxatie) van het vat in gang zetten.
Hoofdstuk 3 beschrijft experimenten waarin de vrijgemaakte arterien van 19 dagen oude
kippenembryo's blootgesteld werden aan een kortdurend zuurstoftekort (acute hypoxie). Deze
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ingreep vcroorzaakte een vcrmindcring van de contract!e en een afgenomen relaxatie via het
endotheel. De netto-uitkomst van deze readies, namelijk contractie op lokaal niveau. zou een
bijdrage kunnen levercn aan de vaatvemauwing van diverse vaatbedden die optreedt tijdens
acute Hypoxie in de foetus.
De gevolgen van een langdurig zuurstoftekort (chronische hypoxie) en van een
aanhoudend voedingstekort aan eiwitten (eiwit malnutritie) voor de eigenschappen van
ontwikkelende vaten staan beschreven in de volgende hoofdstukken. Zowel eiwit malnutritie als
chronische hypoxie leidden tot een afname van het lichaamsgewicht van de embryo's. De
experimenter) van hoofdstuk 4 en 5 toonden echter aan dat het aantal sympathische zenuwvezels
rondom de arteriöen van het kippenembryo toenam (sympathische hyperinnervatie) als gevolg
van chronische hypoxie. maar niet in geval van eiwit malnutritie. In hoofdstuk 6 staat
beschreven dat ook de endotheel athankelijke relaxatie van de bloedvaten door chronische
hypoxie vcrmindcrd wcrd (endothelial dysfunctie). Malnutritie had geen effect op de funetie van
het endotheel.
De resultaten van de genoemde hoofdstukken deden vermoeden dat met name
chronische hypoxie (meer dan eiwit malnutritie) een belangrijke uitwerking heeft op de
vuutcigenschappen. Duarom werden experimenten gedaan waarbij de gevolgen van blootstelling
aan chronische hypoxie tijdens de periode in het ei op de lange termijn werden bestudeerd.
Vaalcigenschappen en bloeddruk van uitgekomen kuikens (3 weken oud) en 14 weken oude
kippen werden daartoc gemetcn. /oals hoofdstuk 7 aantoont. veranderde chronische hypoxie de
blocddruk van de kuikens en kippen niet. Maar de vaten van 14 weken oude kippen die tijdens
de onrwikkeling in het ei waren blootgesteld aan een langdurig zuurstoftekort trokken harder
samen wanneer de (sympathische) zenuwvezels werden gestimuleerd dan vaten van kippen die
een normale ontwikkeling in het ei hadden doorgemaakt. Ook functioneerde het endotheel van
de vaten van de blootgestelde kippen minder goed.
Dc studies in dit proefschrift laten zien dat chronische blootstelling aan hypoxie tijdens
de ontwikkeling in het ei vaateigenschappen van kippenembryo's en ook van kippen na het
uitkotnen verändert. Hoewel de veranderingen van de sympathische zenuwvezels en het
endotheel nog niet tegelijkertijd leiden tot een verhoging van de bloeddruk. zouden ze
voorbodes van hart- en vaatziekten op latere leeftijd kunnen zijn. Dit geeft aan dat een langdurig
tekort aan zuurstof voor de geboorte niet alleen uit kan monden in een laag geboortegewicht,
maar ook de kans op hart- en vaatziekten bij de volwassen mens zou kunnen vergroten.
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in I hi- adult Adverse inlraulcriiK- conditions, as occur during chroin
hypoxia or inalmilrilion. can reduce fetal growth. In addition, thi
may alter arterial properties and thereby increase the risk i<>
cardiovascular disorders. The studies presented in this thesis
demonstrate that exposure to chronic hypoxia. hut not malnutrition,
during in ovo development modifies arterial properties ol chicken
embryos. In ovo chronic hypoxia also changes the properties ol
arteries ol chickens alter hatching. The observed changes in pen
arterial sympathetic innervation and the endoihelium may predispov
